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Multilayer coatings have been proposed as a promising nanotechnology for 
improving the performance of emulsion-based products in numerous research fields. In 
foods, these multilayer coatings can be used to improve the encapsulation and protection of 
bioactive ingredients in delivery systems during storage and passage through the 
gastrointestinal tract (1, 2). Therefore, there is strong interest in understanding the 
formation, properties, and performance of these novel coatings. Multilayer coatings are 
formed by layer-by-layer electrostatic deposition of oppositely charged biopolymers, such 
as proteins and polysaccharides. A better understanding of the formation and properties of 
biopolymer multilayer coatings could lead to novel foods with improved performance. The 
purpose of this research was to improve our understanding of the fabrication and behavior 
of multilayer nanoemulsions suitable for application in the food industry. 
ABSTRACT 
viii 
First, the interaction of anionic ɣ-poly-glutamic acid (PGA) and cationic ɛ-poly-L-
lysine (PLL) in solution was examined so as to better understand their behavior at 
interfaces.  Electrostatic complexes were formed with a 1:4 mass ratio of polyanion-to-
polycation at saturation (pH 7.4).  The surface potential and aggregation stability of the 
complexes was highly dependent on solution pH (2 to 12), which was attributed to 
alterations in the electrical characteristics of the two polyelectrolytes.  In particular, 
insoluble complexes were formed under pH conditions where there was a strong 
electrostatic attraction between the two polyelectrolytes, whereas soluble complexes were 
formed when there was only a weak attraction.  The addition of salt ( 20 mM NaCl) 
promoted aggregation of the complexes, presumably due to screening of the electrostatic 
interactions between them.  Conversely, temperature (25 to 90 oC) did not have a major 
impact on the stability of the complexes.  These results may be useful for the design of 
effective oral delivery systems for bioactive agents in foods and other products.  
Secondly, the same biopolymers were used to form multilayer coatings around the 
lipid droplets in oil-in-water nanoemulsions using a sequential layer-by-layer electrostatic 
deposition approach. Cationic poly-L-lysine (PLL) and anionic poly-glutamic acid (PGA) 
were used as a pair of oppositely charged polypeptides (pH 4.0).  First, a primary emulsion 
(10% w/w soybean oil-in-water emulsion) was formed consisting of small lipid droplets 
(d32 = 500 µm) coated by a natural surfactant (0.05% w/w quillaja saponin). Then, cationic 
PLL was deposited onto the surfaces of the anionic saponin-coated droplets. Lastly, anionic 
PGA was deposited onto the surfaces of the cationic PLL-saponin-coated droplets.  We then 
assessed the ability of the coatings to protect the lipid droplets from aggregation when the 
pH (2.0-9.0), ionic strength (0 to 350 mM), or temperature (30-90°C) were altered.  The 
properties of the primary, secondary, and tertiary emulsions were monitored by measuring 
the mean particle diameter (d32), electrical characteristics (ζ-potential), and 
microstructure of the lipid droplets.  The electrical characteristics of the droplets could be 
modulated by controlling the number and type of layers used.  The primary emulsion had 
the best resistance to varying environmental conditions, while the secondary emulsion had 
the worst, suggesting electrostatic deposition should only be used to obtain specific 
functionalities. Interestingly, PLL detached from the surfaces of the secondary emulsions at 
high salt concentrations due to electrostatic screening, which improved their salt stability.  
This phenomenon may be useful for some food applications, e.g., having cationic droplets 
during food storage, but anionic ones inside the human body. 
Thirdly, multilayer coatings were formed from saponins, polypeptides, and 
polysaccharides using medium chain triglyceride (MCT) lipid droplets as templates (pH 
4.0).  First, an emulsion containing negatively charged lipid droplets was created using 
quillaja saponin (QS) as an anionic emulsifier.  Second, these anionic droplets were coated 
with a cationic polypeptide (poly-L-lysine, PLL) to form positively-charged droplets. 
Finally, these cationic droplets were coated with a negatively-charged polysaccharide, 
either pectin (PE) or κ-carrageenan (KC), to form anionic droplets. Overall, the 1-layer 
emulsions had the best resistance to salt, pH, and heat, indicating that quillaja saponins 
were effective emulsifiers.  The 2-layer emulsions had better pH-stability than the 3-layer 
emulsions, which tended to strongly aggregate under acidic conditions.  Conversely, the 3-
layer emulsions had better salt-stability than the 2-layer emulsions, which tended to 
aggregate strongly even at low salt levels (50-100 mM NaCl).  All the emulsions were 
relatively stable to heating (90oC, 30 min). 
      Fourth, the kinetics of β-carotene degradation in multilayer nanoemulsions was 
measured. Primary emulsions were formed containing anionic quillaja saponin-coated MCT 
oil droplets loaded with β-carotene.  Secondary emulsions were then formed by depositing 
cationic polypeptide poly-l-lysine (PLL) onto these anionic droplets.  Tertiary emulsions  
ix
x 
were then formed by depositing anionic poly-glutamic acid (PGA), pectin (PE) or κ-
carrageenan (KC) onto these cationic droplets.  All the multilayer emulsions were prepared 
at pH 4.0 to ensure the biopolymers had opposite charges. The kinetics of β-carotene 
degradation in the different emulsions were then measured when they were incubated at 
55°C.  In addition, changes in the particle size and ζ-potential of the emulsions were 
measured using light scattering methods. The chemical stability of the encapsulated 
carotenoid was highly dependent on the nature the nature of the coating used.  The 
secondary emulsions, which had cationic PLL as an external layer, gave the best protection 
against color fading, with a final yellowness (b*) of 82% after two weeks. Conversely, the 
tertiary emulsions, which had anionic polysaccharides or polypeptides as an external layer, 
gave the worst protection.  For instance, when KC was used as the external layer the final 
yellowness was only 32% after two weeks.  These results show that the stability of 
carotenoids can be improved by controlling the properties of multilayer coatings around oil 
droplets. 
xi 
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CHAPTER 1. LITERATURE REVIEW 
1.1 Introduction 
The cosmetic, pharmaceutical and food industry sectors, are just one of the few 
industries that heavily rely on the use of emulsions and emulsifiers to encapsulate, protect 
and deliver bioactive compounds or lipophilic drugs to their customers. Specifically, the 
most common emulsifiers used in the food industry-sector are amphiphilic proteins, 
polysaccharides, phospholipids and small molecule surfactants. However, there are still 
some current limitations to the functional properties that can be achieved using existing 
food emulsifiers and the conventional method of creating emulsions, for example, limited 
stability to pH, salt, heating, dehydration, freezing and chilling (3). The physicochemical 
properties, stability, and functional attributes of emulsions can be modulated by 
engineering their interfacial properties using layer-by-layer deposition methods to produce 
multilayers emulsions (4-6). Multilayer O/W emulsions consist of oil droplets dispersed 
within an aqueous continuous phase, with each oil droplet being coated by a laminated 
interfacial coating, which usually consists of emulsifier and biopolymer molecules(7). On 
(fig 1.1.), Multilayer emulsions can be fabricated using a multistep procedure: (1) primary 
emulsion: an oil and aqueous phase are homogenized together in the presence of an 
electrically charged hydrophilic emulsifier; (2) secondary emulsion; an oppositely charged 
polyelectrolyte is added to coat the droplets; and (3) multilayer emulsions: sequential 






Figure 1.1. Layer-by-Layer (LbL) assembling via Saturation Method. 
For this reason, in my projects (chapter 3-5), I emphasized the use of laminating 
coating to engineer emulsion surfaces-membranes droplets (fig 1.1.), thereby, modulating 
lipid droplets physiochemical functionalities on aqueous solutions. Which consisted of 
stabilizing labile hydrophobic bioactive compounds (such as soybean oil, β-carotene, etc.) 
by using nanotechnology approaches that involve forming multilayer laminated coatings 
around nanosized oil droplets using natural biopolymers, such as polypeptides and dietary 
fibers. For this reason, my research has led to several scientific publications (3) as first 
author (2 with others submitted or in preparation), and several others as co-author (14).  
My first published paper involved the preparation and characterization of electrostatic 
complexes formed from two oppositely charged polypeptides (9) (chapter 2). My second 
published paper was to use these polypeptides to form multilayers around the oil droplets 




(10)(chapter 3). Then, my third published paper was about to find food-grade alternatives 
to the polypeptides, such as dietary fibers (11) (chapter 4). Lastly, I applied different ways 
to retard β-Carotene degradation, by using multilayer(s) system technology approaches and 
additionally, I proposed the studies of β-Carotene degradation within the incorporation of 
Ascorbic Acid (strong food-grade hydrophilic antioxidant) (pre-liminary experiments data 
can be found in the Appendix-supplemental material section) on this written thesis. 
Surprisingly, the results of this research should lead to the development of innovative 
approaches to stabilize vitamins, nutraceuticals, and healthy oils in emulsion-based foods 
using commercially viable approaches. 
 
1.2 Literature Review 
1.2.1: Multilayer Particle Characteristics 
The structural and physicochemical characteristics of Multilayers (layer-by-layer, 
LbL) systems can be controlled, as can the characteristics of the laminating coatings, for 
example, composition, thickness, charge, permeability, environmental responsiveness, and 
chemical reactivity. Knowledge of the physicochemical principles governing the formation 
and properties of these multilayer interfaces is important to establish the optimum 
conditions required for producing multilayer emulsions with desirable properties. Under 
certain circumstances, emulsions containing oil droplets surrounded by multilayer 
interfaces have been found to have better stability to environmental stresses than 





1.2.1.1 Composition and Structure 
Multilayer coatings can be assembled from food-grade emulsifiers and biopolymers that 
are charged, like ionic surfactants, phospholipids, proteins, or polysaccharides. 
Interestingly, numerous of food-grade emulsifiers and polyelectrolytes can be used to 
assemble the laminated coatings around oil droplets, including electrically charged 
surfactants, phospholipids, proteins, polysaccharides, and particulates. Food-grade 
emulsifiers and biopolymers with different molecular characteristics (e.g., electrical charge, 
molecular weight, conformation, hydrophobicity, and thermal stability) and functional 
properties (e.g., solubility, viscosity, gelation and surface activity) can be used, which gives 
one a great deal of scope in designing the functional performances of laminated coatings. 
For example, the functional performance of coatings can be controlled by: 
• Changing the nature of emulsifier used to prepare the initial lipid droplets. 
• Changing the nature of the polyelectrolytes used to form the individual layers within 
the laminated coatings. 
• Changing the total number of electrostatic deposition steps (and therefore layers) 
used to prepare the laminated coatings. 
• Changing the order that the various polyelectrolytes (P) are deposited onto the lipid 
droplet surfaces (e.g., E-P1/P2/P3 versus E-P3/P2/P1) 
• Controlling the properties of the solutions used during the preparation of the 
laminated coatings (e.g., pH, ionic strength, and solvent quality). 
• Cross-linking one or more of the polyelectrolytes layers in the laminated coatings, 




Lastly, one or more of this approaches could be ideally combined during the assembling 
process to produce  more synergistic and versatile multilayers delivery systems(3, 14-21). 
 
1.2.1.2 Dietary Fibers 
Dietary Fibers (Polysaccharides) are usually isolated from plant or microbial 
sources and may vary considerably in their molecular and physicochemical properties, such 
as molecular weight, branching, flexibility, charge, polarity and digestibility(22, 23). Dietary 
fibers are also known to have an impact on the behavior of lipids within the gastrointestinal 
tract and can therefore be used to modulate the response of humans to ingested lipids(24). 
Therefore, dietary fibers may influence lipid digestion through a variety of mechanisms: (i) 
they may bind to species that play a critical role in digestion, such as bile salts, 
phospholipids, enzymes or calcium(25), (ii) they may increase the viscosity of the intestinal 
phase, and thereby alter mass transport processes(26, 27); (iii) they may form protective 
coatings around lipid droplets thereby inhibiting lipase access(28-30) (iv) they may 
promote lipid droplet aggregation thereby changing the amount of lipid surface exposed to 
lipase(31, 32); (v) they may inactive digestive enzymes (24, 33, 34); (vi) they may alter the 
microbial population within the large intestine (35). The ability of dietary fibers to impact 
lipid digestion through these and other mechanisms ultimately depends on their molecular 













Figure 1.2. Dietary Fibers; Conformations-Concentrations vs Relative Viscosity are often 
used in food matrixes as Thickening agents, conveniently to reduce gravitaional separation 
rate on emulsions system. 
 
There are a large number of different polysaccharides commercially available and 
recognize as GRAS, to form multilayers(22). Recently, natural polysaccharides have shown 
to be very useful for drug entrapment and sustained release of drug. The natural polymers 
used as carrier materials in the encapsulation technology have the great advantage of being 
nontoxic, biocompatible, and biodegradable(36). As we stated earlier, that the laminating 
coating used to assemble a multilayer system could be influenced by many characteristics 
such as conformation of the biopolymer utilized during layer-by-layer (LbL) electrostatic 
deposition fabrication process. For this reason, we did a couple of experiments (chapter 4-
5) where the external tertiary layer was ruled either by linear or branch dietary fiber 




fibers, were excellent representatives of  either linear (κ-carrageenan) and/or branched 
(Pectin) polysaccharides conformations. We are now currently intending to replace and/or 
incorporate different polysaccharides in our multilayer system (here detailed), just to see 
how this will influence in terms of multilayers stability and/or in the modulation of calorie 
intake during lipid digestion. 
 
Pectin  
Pectin with an overall molecular weight of around 110 to 150 kDa, is a branched 
polysaccharide with a linear backbone containing many ionizable carboxylic acid groups 
(pKa ≈ 3.5), as well as numerous “hairy regions” consisting neutral side chains extending 
from the backbone(37). The linear backbone is mainly comprised of α(1-4)-d-galacturonic 
acid residues that may be partly esterified with methyl groups. Pectin is not digested by 
gastric or small intestinal enzymes but is easily degraded by pectinases produced by the 
colonic microflora. LM pectin is more tolerant of pH variations and calcium levels, which 
could make it more suitable for colonic delivery systems formation. The charge 
characteristic of pectin can be selected to control lipid digestion and bioactive release, e.g., 
decreasing DE reduced lipid digestion and bioactive bioavailability. 
 
κ-carrageenan 
Carrageenans are natural anionic compounds that are normally extracted from red 
seaweeds(38). These polymers are linear chains of D-galactopyranosyl units joined with 
alternating (1 → 3)-a-D- and (1 → 4)-b-D-glycosidic linkages, with most sugar units having 




negative charge of the polymer, as they are always ionized at the pH values present in foods. 
There are three major types of carrageenan, kappa (k), iota (i), and lambda (l)-
carrageenans(39). However, κ-carrageenan is one of the most common forms of 
carrageenan’s used in foods, and it is characterized by having D-galactose-4-sulphate, 3,6-
anhydro-D-galactose-2-sulphate as a building block, and has a double-helix 
conformation(38, 40). The popularity of this ingredient in the food industry is due to the 
ability of its linear helical portions to associate to form a three-dimensional gel in the 
presence of appropriate cations.  
 
Alginate 
Alginate is a block copolymer composed of 1-4-linked residues of β-D-mannuronic 
acid (M) and α-L-guluronic (G) acid, with an overall molecular weight around 60 kDa to 700 
kDa. Alginate ability to form gel under  electrostatic cross-linking interaction between 
multivalent cations (typically Ca2+) has been also used to for chitosan–alginate multilayer 
beads cross-linked with polyphosphate by developing stables, non-toxic, interpolymer 
complex of ionic-cross-linked chitosan–alginate–tripolyphosphate (TPP) beads with 
improved drug release properties(41) Calcium alginate hydrogels shrink at low pH (gastric 
environment) due to the loss of negative charge on the alginate molecules when the 
carboxyl groups become protonated (-COOH, pKa ≈ 3.5). Moreover, Alginate can be further 
cross-linked or mixed with other polymers such as neutral gums, chitosan or pectin to 
strengthen the structure and restrict the pore of the gel network. Although the self-
assembled multilayer film of alginate with several cationic polymers has been increasingly 






The biopolymer, the N-deacetylated product of the polysaccharide Chitin; Chitosan 
is one of the few examples of positively charged polysaccharides, the presence of ionizable 
amino groups (-NH3+, pKa ≈ 6.3) is the origin of the cationic charge of this biopolymer(46). 
It has a linear structure composed of randomly distributed β-(1-4)-linked D-glucosamine 
and N-acetyl-D-glucosamine units, with an overall average molecular weight around 3.8 to 
20 kDa(47). One of the many reasons that it has been incorporated to delivery system is due 
to its great capacity of encapsulating, protecting and releasing lipophilic bioactive agents 
due to their mucoadhesive properties during oral-digestions(24). Ultimately Chitosan is 
gaining importance in the pharmaceutical field owing to its unique polymeric cationic 
character, good biocompatibility, non-toxicity and biodegradability. Chitosan has been 
proposed as a useful excipient for either sustained release of water-soluble drugs and for 
enhancing the bioavailability of poorly water-soluble compounds(41). 
 
1.2.1.3 Proteins 
Proteins are also commonly used food biopolymer for the fabrication of multilayer 
systems. It should be noted that many proteins and/or polypeptides may exhibit anti-
oxidant properties, which makes them particularly suitable for the protection, 
encapsulation and/or laminating interfacial coating of lipophilic bioactive agents that are 
susceptible to oxidation, such as carotenoids and ω-3 oils(48-53). Their incorporation as 
interfacial coating layers during the development of multilayer systems are mostly intended 
for lipid oxidation reduction rate purposes(49). However, considerations of fabrication 
conditions involved during these layer-by-layer assembling’s such (e.g., pH, ionic strength, 




and controlled. Remembering, that proteins are sensitive to physical and chemical 
conditions around the protein molecule: pH, ionic strength and temperature will affect 
protein conformation, same goes to polypeptides. Binding and interaction with other 
molecules (substrate, cofactors, other proteins) will also alter protein conformation. If the 
conformation is altered too drastically, the protein molecule may lose function, it breaks 
and it becomes denatured. Some proteins have more stable conformations if they are 
stabilized by disulfide bonds.  
 
Here I will be emphasizing mostly on proteins that has been already successfully 
electrostatically deposited onto opposite charged surfaces droplets in the past, or proteins-
polysaccharides that we will be intending to incorporate in our multilayer system model 
promptly (later discussed). 
 
Whey Protein Isolated (WPI) 
Whey proteins have an isoelectric point around pH 5, and so are positively charged 
below this value and negatively charged above it. They can therefore be used to assemble 
structures based on electrostatic attraction, such as coacervates and multilayers. In 
addition, whey proteins are surface-active and can be used to form oil-in-water 
emulsions(49). However, whey protein-coated lipid droplets are particularly sensitive to 
pH, ionic strength, and temperature(52, 54, 55). Whey protein actually contains numerous 
different globular protein fractions, with the most abundant being β-lactoglobulin (β-Lg), α-
lactoalbumin (α-La), bovine serum albumin (BSA), and immunoglobulins with molecular 




protection, as an emulsifier under acidic conditions (pI ≈ 5) where whey protein stills 
exhibit an strong cationic (ζ-Potential) (+ mV) surface charge, ideally, to electrostatic 
repulse transition metal such as Fe2+ and Cu2+ away from the ω-3 poly-unsaturated fatty 
acids (e.g., salmon oil) on the O/W lipid droplets(48). 
 
Casein 
Casein belongs to the heterogeneous group of phosphoproteins precipitated from 
raw skimmed milk63.Caseins are amphiphilic molecules that have good surface-activity and 
can therefore be used as emulsifiers to stabilize lipid droplets. They have an isoelectric 
point around pH 4.6, and are positive at lower pH and negative at higher pH. There is a few 
types of caseins, used on laboratory settings; (1) α(s1)-casein has molecular weight (MW) 
23,000. The chain is build from 199 amino acids with 17 proline residues. It has two 
hydrophobic regions, containing all the proline residues, separated by a polar region, which 
contains all but one of eight phosphate groups and is highly charged. Molecular diameter of 
α(s1)-casein is 9 nm. In the other hand, α(s2)-casein: MW 24,000; 207 residues, 10 prolines. 
Negative charges are concentrated near N-terminus and positive charges near C-terminus. 
Both caseins can be precipitated at very low levels of calcium. Molecular weight of β-casein 
is 24,000. It has 209 residues and 35 prolines. N-terminal region is highly charged, 
hydrophilic and Cterminal region is a hydrophobic. This amphiphilic protein acts like a 
detergent molecule. It is less sensitive to calcium precipitation. Its molecular diameter is 7.5 
nm. MW of κ-casein is 19,000, 169 residues with 20 prolines. Casein molecules, casein 
micelles or casein-coated oil droplets tend to aggregate strongly around their isoelectric 
point due to the reduction in electrostatic repulsion at this pH64. Moreover, caseins possess 




biomaterials, such as high hydrophilicity, good biocompatibility particularly in oral delivery 
applications, lack of toxicity and availability of reactive sites for chemical modification. In 
aqueous solution single protein behaves as flexible, disordered, polyelectrolyte-like 
molecule65, therefore, it is easily integrated into polyelectrolyte films1, 66. Lastly, casein has 
ability to bind calcium ions and therefore, it can be used in biotechnology and in biomedical 
applications. Thus, materials covered with casein containing films can be also applied in 
diary industry for the prevention of calcium deposit formation66. 
 
Lactoferrin 
Lactoferrin (LF) is an iron-binding glycoprotein that contains about 680 amino acid 
residues and has a molecular weight of about 80 kDa67. The surface of the lactoferrin 
molecule has several regions containing clusters of cationic groups, giving it a high 
isoelectric point (pI ≈ 8.5), and making it positively charged over a wide range of pH values 
encountered in food systems68. The presence of positively charged lactoferrin-coated 
droplets provides an opportunity to modify the interfacial properties by depositing 
negatively charged substances onto the cationic droplet surfaces69. At pH 7.0, the LF is 
positively charged, increasing the relevance of (LF) for layer-by-layer system oral-digestive 
routes applications . However, in previous studies it was shown that the conjugation of (LF) 
with a polyphenol decreased the isoelectric point of the protein to around pH 4.570-71. 
Therefore, at pH 7.0, the LF is positively charged, whereas the LF–polyphenol is negatively 
charged, and so they have been used due to the forming of complexes through electrostatic 






β-Lactoglobulin (BLG) is the major whey protein of cow and sheep's milk (~3 g/l), 
and is also present in many other mammalian species; a notable exception being humans. 
(BLG) is positively charged at pH’s below its isoelectric point (pI ≈ 5.2) and negatively 
charged at pH values above this value13. (BLG) is also the dominant globular protein found 
in whey72, and its molecular and physicochemical properties have been well documented73. 
(BLG) has a molecular weight of 18.4 kDa, and a thermal denaturation temperature (Tm) of 
≈ 70 °C, at neutral pH74. Biopolymer nanoparticles based on (BLG) could be formed by 
heating them in the presence of either anionic or cationic polysaccharides, such as beet 
pectin and chitosan.72 Then, in another study, β-lactoglobulin was used as a primary cationic 
emulsifier and pectin as an anionic biopolymer for the production of the secondary 
emulsions 75. Later, by mixing the droplets and biopolymer at a pH where they initially had 
similar charges (pH 7) and then adjusting the pH to values where they had opposite charges 
led to the formation of more stable secondary emulsions than directly mixing the droplets 
and biopolymer at pH values where they had opposite charges (pH 3)76. Ultimately, is 
demonstrated that when (BLG) biopolymer is utilized as a coating layer onto emulsion 
droplets, is strictly dependent on pH, ionic strength, and temperature ideal conditions, for a 
higher performance8. 
 
1.2.2: Food Multilayers Fabrication Methods 
There is an existing variety of fabrication methods that facilitates the assembling of 
a particular food-grade multilayer system. However, each of every single method here 
included, are enthalpy ruled by a differential electrostatic charge gradient, leading to a 




opposite charged polyelectrolytes under specific conditions, for a multilayer layer 
assembling to take place. Existing considerations for bridging and depletion flocculation are 
present in each described method. For the sake of clarity, bridging flocculation occurs when 
a polyelectrolyte adsorbs to the surface of more than one droplet and links them together. 
In the other hand, depletion flocculation occurs when the free polyelectrolyte concentration 
in the continuous phase generates an attractive osmotic force that is strong enough to 
overcome the various repulsive forces3. 
 
(1) Saturation Method 
It is possible to add just enough polyelectrolyte to completely coat all of the particles 
present in the system, so that there is little free polyelectrolyte remaining in the aqueous 
phase (fig 1.1). The saturation concentration for a particular system has to be determined 
empirically (for example using ζ potential measurements). One has to be careful to add 
enough polyelectrolyte to prevent bridging flocculation, but not too much as to cause 
depletion flocculation (see later). The origin of this osmotic force is the exclusion of 
polyelectrolyte molecules from a narrow region surrounding the droplet surfaces. This 
method can be repeated a number of times, and thereby, increasing the thickness of the 
multilayer system (changes on particle molecular weight, relative viscosity, density, and 
visual appearance on aqueous samples, are just a few parameters to consider). 
 
(2) Centrifugation Method 
In this method a solution that contains more than enough polyelectrolyte than 




excess non-adsorbed polyelectrolyte molecules are then removed by centrifuging the 
colloidal suspension, collecting the particles, and resuspending them in an appropriate 
buffer solution. This procedure can be repeated several times to ensure that all of the free 
polyelectrolytes has been removed, before the next polyelectrolyte material solution is 
added. The main problem with this method is that it can promote particle aggregation 
during the centrifugation step because the particles are forced into very close proximity. 
Thereby, temporarily reducing any possible electrostatic repulsion existing among particles, 
during the addition of the consequent polyelectrolyte coating material. Presumably, leading 




(3) Filtration Method 
In this method a solution that contains more than enough polyelectrolyte than 
required to completely saturate the particles present is also added to the colloidal 
suspension. However, in this case the excess non adsorbed polyelectrolyte molecules are 
removed by membrane filtration of the colloidal suspension. A filter is used that allows the 
polyelectrolyte molecules to pass through, but not the colloidal particles. The colloidal 
suspension is put under pressure, which forces the aqueous phase containing the excess 
polyelectrolyte through the filter. At the same time, a buffer solution can be added to the 
colloidal suspension to keep the overall volume of the system constant. In this way, the 
colloidal particles are never forced into close proximity, which reduces the amount of 




not necessary to have a density difference between the particles and the surrounding 
liquid3. 
For the three methods mentioned above one must carefully control the system composition 
and preparation conditions, to form stable multilayer colloidal particles. For example, it is 
important to ensure that there is sufficient polyelectrolyte present to cover all the surfaces 
(droplets membranes) present, that there is not too much free polyelectrolyte present to 
promote depletion flocculation; and, that the polyelectrolyte adsorbs more rapidly than 
when particle–particle collisions occur. These processes depend on the size and 
concentration of the polyelectrolyte molecules and colloidal particles present, as well as on 




I should also mention that in some systems, it is indeed possible to mix the colloidal 
particles and polyelectrolyte molecules together at a pH where they do not have opposite 
charges, and then adjust the pH to a value where they do have opposite charges so as to 
promote polyelectrolyte adsorption. This procedure can be carried out when the charge on 
the polyelectrolyte or colloidal particle can be varied by altering the pH, e.g., the charge on a 
protein goes from positive to negative when the pH is adjusted from below to above its 
isoelectric point. The advantage of this method is that the polyelectrolytes are evenly 
distributed throughout the continuous phase before adsorption occurs, which should 





1.2.2.1: Multilayer Properties 
Multilayer’s composition, thickness, charge, packing and environmental 
responsiveness can be tailored by manipulating the laminating coating material 
surrounding the oil droplets, thereby, having a responsible premeditated effects on the 
physicochemical and functional properties in general. Strategically, the properties of 
laminated coatings (fig 1.3) can also be engineered to alter other physicochemical or 







Figure 1.3. Multilayer System Design 
• Coating properties can be altered to improve the physical stability of emulsions to 
environmental stresses, such as pH, ionic strength, thermal processing, chilling, 
freezing, dehydration, and mechanical agitation. Improved physical stability can 
often be achieved by manipulating the thickness and charge on the polyelectrolyte 
coatings so as to increase the steric and electrostatic repulsion between particles16. 
 




components. For example, the oxidation of ω-3 fatty acids and carotenoids can be 
reduced by limiting the interactions between pro-oxidant transition metal ions in 
the aqueous phase and unsaturated lipids within the droplets. This can be achieved 
by controlling interfacial charge, thickness, and permeability. For example, cationic 
interfaces will repel cationic transition metals from the droplet surfaces, whereas 
thick dense interfaces will inhibit the diffusion of transition metals to the lipid 
droplet surfaces16. 
 
•  Coating properties can be designed to control the release of encapsulated active 
agents due to the ability to manipulate thickness, permeability, and environmental 
responsiveness of the interfacial layer. For example, a polyelectrolyte layer could be 
designed so that it remains attached to the oil droplet surfaces under one set of 
conditions (e.g., specific pH, salt, or temperature range), but becomes detached 
under another set of conditions16. 
 
    In summary, the major advantage of multilayers technology is that interfacial coating with 
specific physicochemical properties (e.g., thickness, charge, permeability, composition, and 
digestibility) (fig 1.3.) it can be designed to achieve a particular functional performances 
(e.g., antioxidant properties, stability to environmental stresses, controlled digestibility, and 
targeted release profiles)16. Therefore, the electrical properties of the first layer of a 
multilayer emulsion are determined by the emulsifier, and they can therefore be controlled 
by selecting different types of emulsifier78-79. Hence, consequent multilayer coatings can be 
assembled from food-grade charged emulsifiers and biopolymers, like ionic surfactants, 




method23, 80-81. The selection of the most appropriate combination of coating materials is 
critical to forming a stable system with the desired functional attribute77. Moreover, it has 
been seen that when a variation of protein-polysaccharide coating material is 
interchangeable used around an emulsion droplet, versatile adaptations could be 
immediately conferred20, 46, 75-76. 
 
1.2.2.2: Multilayer Applications 
Perhaps until this moment, you may be wondering how-why multilayers systems are 
useful? Surprisingly, multilayer emulsions have several of very useful applications in the 
food industry. For example, a thick highly charged multilayer interfaces may be useful in 
protecting droplets against aggregation or in preventing lipid oxidation. On the other hand, 
multilayer interfaces that change their properties in a controlled fashion in response to 
some environmental condition could be used for controlled or triggered release of active 
ingredients3. However, these trigger responses are mostly ruled by the exogenous 
conditions surrounding the laminating coating polymers-materials protecting the lipid 
droplet. Hence, the laminating chosen to assemble a multilayer system, plays a crucial role 
in response to these environmental conditions. 
 
Stability improvement against environmental stresses 
Food emulsions experience a variety of different environmental stresses during 
their manufacture, storage, transport, and domestic utilization. Which can include pH 
extremes drifts, high ionic strengths, thermal processing, freeze–thaw cycling, drying and 




within the food industry can only provide a limited protection against some of these 
environmental stresses3: 
 
 Ionic Strength 
The presence of salts (e.g., monovalent salts) can alter interfacial and emulsion 
properties through a variety of physicochemical mechanisms, including changing the 
amount of polyelectrolyte adsorbed, altering the structure of the interfacial layer, or 
modulating the strength and range of the various colloidal interactions between the 
droplets3. Specifically, sodium chloride have the ability of screening electrostatic 
interactions between opposite charged polyelectrolytes in a complex or in a layer-by-layer 
(LbL) system18. Unfortunately, the concentration and/or presence of monovalent salt ions, 
tends to vary considerably depending on the nature of the food, the purity of the functional 
ingredients, and the hardness of the water used to prepare the emulsion16. For this reason, 
often the application of just a single emulsifier, is not enough to overcome all these 
monovalent salt variations and other hurdles. Moreover, some studies have shown that 
emulsions containing droplets coated by interfacial layers formed from an anionic 
surfactant and cationic chitosan have better stability to high salt concentrations than those 
coated by anionic surfactants alone21, 82. For this reason, multilayer assembling has 
increased their relevance and use, on food industries, where in cases electrically charged 
food-grade biopolymers can be used to form multilayer coatings around the lipid droplets in 






The aqueous phase pH may vary during the production, storage or utilization of the 
food product. For example, in coffee creamers the pH of the aqueous solution surrounding 
the protein-coated oil droplets changes from around pH 7 in the original product to around 
pH 5 when the creamer is poured into hot coffee83. It is often important to ensure that that 
the oil droplets do not aggregate when they are exposed to variations in pH. The influence 
of pH on the tendency of oil droplets to aggregate is normally determined by how the 
various repulsive forces generated by the interfacial layer vary with pH, e.g., electrostatic 
and steric repulsion. Multilayer interfaces are normally produced using weak 
polyelectrolytes, and so their thickness, structure and electrical characteristics are strongly 
dependent on solution pH. By manipulating the type of polyelectrolytes used to prepare 
multilayer emulsions it is therefore possible to control the influence of pH on droplet 
aggregation3. 
 
Heating (thermal processing) 
Many food emulsions undergo some form of thermal processing during their 
production, storage or utilization, e.g., pasteurization, sterilization or cooking16. Therefore, 
in occasions breaking down due to droplet flocculation or coalescence3. Many emulsifiers 
are unsuitable for creating droplets that are resistant to thermal processing because they 
undergo changes in their ability to prevent droplet aggregation with temperature. 
Interestingly, multilayer emulsions containing droplets coated by an anionic surfactant and 
a cationic polyelectrolyte have been shown to be stable to thermal processing from 30 to 90 
°C, e.g., SDS–chitosan82, lecithin–chitosan21 and SDS–gelatin22. For a number of these 




primary emulsion, which was partly attributed to the increased steric repulsion between 
the droplets. Multilayer emulsions containing droplets coated by protein–polysaccharide 
complexes have also been shown to have better stability to thermal processing than those 
stabilized by proteins alone3. 
 
Chilling and freezing 
Many oil-in-water emulsions become physically unstable when they are chilled 
and/or frozen, and rapidly break down after reheating. It is therefore important to have 
technologies improve the stability of food emulsions to chilling, freezing and thawing. 
Understanding, that chilling and freezing is a very common process often used in the food 
industry sector for the controlling of microorganisms growth and either for food 
preparation purposes, such; e.g., dairy products, desserts, sauces, and ice cream products3. 
A variety of different physicochemical processes may occur when a food emulsion is cooled, 
including fat crystallization, ice formation, freeze-concentration, interfacial phase 
transitions, and biopolymer conformational changes. When oil-in-water emulsions are 
cooled to temperatures where the fat phase becomes partially crystallized (but the aqueous 
phase remains liquid) they become susceptible to a phenomenon known as partial 
coalescence16. At present there is still a relatively poor understanding of the relative 
importance of these various mechanisms of emulsion instability for particular systems. 
Nevertheless, previous studies have indicated that some multilayers can indeed improve 
the stability of oil-in-water emulsions to chilling and freezing processes, which suggests it is 






One of the most fascinating roles of O/W emulsions, it is indeed the ability of 
incorporating poly-unsaturated fatty acids (such as ω-3 fatty acids), due to their potential 
health benefits e.g., there is evidence that they decrease the risk of coronary heart disease, 
immune response disorders, and mental illnesses84. Nevertheless, incorporation of these 
oils into food products is problematic because they are highly susceptible to oxidative 
degradation resulting in rancid off-flavors, which has greatly limited their more widespread 
usage3, 57, 85. Some of the instabilities that have been seen primary emulsions, have been 
attributed to low strong electrostatic repulsion effects, a thinner interfacial membrane (low 
steric repulsions) and/or an anionic behavior that tends to attract positively charged Fe2+ 
ions through membrane absorption3, 62. Any of these previously mentioned hurdles, can be 
overcome by the addition of an additional or multiple opposite charged layers, around the 
primary emulsifier layer. In occasions, when a secondary-tertiary external coating layer is 
electrostatically deposited onto a O/W emulsion surface, a noticeable change in 
electrostatic repulsion intensities, a thicker membrane and a cationic behavior can be 
immediately conferred 9, 19, 62, 75, 86. Therefore, providing versatile abilities to electrostatically 
and/or sterically repulse transition metals (e.g., Cu2+ or Fe2+) and/or free radicals further 
away from the poly-unsaturated lipid droplets (where ω-3 fatty acids, is already 
entrapped)56-58, 84, 87. Fascinatedly, multilayers technology implementation could potentially 







Oil-in-water emulsions are often converted into a powdered form in the food 
industry to increase their shelf life, reduce transport costs and/or facilitate their utilization. 
This microencapsulation process is normally carried out by evaporating the majority of 
water from the emulsion using a suitable dehydration method, such as spray drying or 
freeze drying93. Often single-primary emulsifiers cannot survive similar spray drying 
heating conditions. Moreover, lipid phase content (%) can be limited when only a single 
emulsifier is used, thereby, potentially increasing transport and production costs. In the 
other hand, multilayers technology may help in producing higher quality emulsion droplets 
and additionally, increasing final lipid phase content (%) and facilitating dehydration to 
take place3. 
 
Controlled release/Triggered release 
Multilayers technologies have the ability to encapsulate, stabilize and deliver a 
variety of functional food components e.g., flavors, bioactive lipids, enzymes, peptides, 
antimicrobials and antioxidants3. Specifically, due to multilayers capacity to carry oil-
soluble, water-soluble, and amphiphilic functional agents in different regions inside of a 
multilayer architecture. The multilayer technique has the major advantage that wall 
characteristics, such as thickness, charge and permeability, can be finely tuned by careful 
selection of polyelectrolytes and preparation conditions. Interestingly, the release time 
(during oral digestion) will depends on the nature of the first adsorbed layer and the 
number of polyelectrolyte layers composing the shell wall94. The bioactive agent release 
target location for oral digestion purposes, should be premeditated during the multilayer 




point, pH responsiveness from every single layer utilized during the multilayer assembling 
process are crucial to hypothesis, where the bioactive agent is going to be released inside a 
human body85, 95-96. For this reason, in-vitro INFOGEST is an excellent method to simulate 
multilayers controlled release performances; by the presence of enzymes, mechanical 
agitations and change in pH during different gastrointestinal stages via oral digestion, plays 




In summary, the major advantage of the multilayer technology is that interfacial 
coatings with specific physicochemical properties (e.g., thickness, charge, permeability, 
composition, and digestibility) can be designed to achieve a particular functional 
performances (e.g., antioxidant properties, stability to environmental stresses, controlled 
digestibility, and targeted release profiles). Nevertheless, they are more expensive to 
fabricate than conventional emulsions, and have to be prepared carefully to avoid droplet 
flocculation16. However, these multilayered emulsions have better stability to 
environmental stresses than conventional emulsions under certain conditions. More 
research is still needed to establish, at a fundamental level, the factors that influence the 
preparation of stable multilayered emulsions with specific functional attributes, including 
emulsifier characteristics (e.g., sign and magnitude of droplet charge), polyelectrolyte 
characteristics (e.g., molecular weight, charge density and flexibility), and mixing conditions 
(e.g., ionic strength, pH, temperature, stirring, order of addition), and washing conditions 




research needs to be carried out to establish where these multilayered emulsions can be 



















CHAPTER 2. CHARACTERIZATION OF ELECTROSTATIC 
INTERACTIONS AND COMPLEX FORMATION OF Ɣ-POLY-GLUTAMIC 
ACID (PGA) AND Ɛ-POLY-L-LYSINE (PLL) IN AQUEOUS SOLUTIONS. 
 








Complex coacervation is a form of liquid-liquid phase separation that occurs when 
two polyelectrolytes associate with each other through electrostatic attraction 10-11, 79, 102-108. 
Typically, the two polyelectrolytes have opposite net charges (one positive, one negative), 
however, it is possible for two polyelectrolytes with similar net charges (both positive or 
both negative) to form complexes, provided there are enough positive groups on one and 
negative groups on another 11.  Many different synthetic and natural polymers have been 
studied for their ability to form polyelectrolyte complexes through this phenomena, 
including food-grade proteins and polysaccharides 107, 109. These complexes have been 
developed for applications in the food, cosmetics, paper, textiles, and pharmaceutical 
industries as delivery systems for flavors 109-110, vitamins 111, and drugs 107, 110.  For instance, 





them from incompatible ingredients, mask off-flavors, reduce gastric irritation, and provide 
prolonged or sustained release.  A number of different fabrication methods have been 
developed to produce complex coacervates, involving both physicochemical and mechanical 
methods 111. Microencapsulation by complex coacervation is being increasingly used in the 
food industry because of its high encapsulation efficiency and mild processing conditions 
102.  Moreover, microcapsules produced by coacervation can be designed to be resistant to 
environmental stresses, as well as to create controlled- or triggered-release profiles based 
on changes in mechanical stresses, temperature, pH, or ionic strength 110. Moreover, they 
can encapsulate and protect bioactive ingredients during storage and passage through the 
gastrointestinal tract 9-10.  
After two attractive polyelectrolytes are mixed together, the dense liquid phase 
formed, which is relatively concentrated in both polyelectrolytes, is called the coacervate 11.  
In the food industry, proteins and polysaccharides are often used to form coacervates, but 
they only form these electrostatic complexes over a narrow range of pH and ionic strength 
where the two biopolymers have appropriate electrical characteristics 12.  In particular, it is 
often difficult to form coacervates around neutral pH conditions because many proteins and 
polysaccharides have a strong negative charge, which leads to a strong electrostatic 
repulsion.  This limitation can be overcome by using polyelectrolytes that have opposite 
charges at neutral pH.   
In this study, we used anionic ɣ-poly-glutamic acid (ɣ-PGA) and cationic ɛ-poly-L-
lysine (ɛ-PLL) as two oppositely charged peptides to form polyelectrolyte complexes.  
Previously, it has been reported that these two polyelectrolytes assemble into electrostatic 
complexes at pH 7.40, which consist of alternating layers of the two peptides held together 




anionic polymer with high water-solubility and good biodegradability that is produced by 
microbial fermentation (Bacillus subtilis). Studies have already shown that this polymer has 
a range of potential applications in food, pharmaceutical, and healthcare products 112. As an 
example, the Japanese traditional food, ‘‘natto’’ (fermented soybeans), is a mixture of ɣ-PGA 
and fructan produced by Bacillus natto 112-113. The anionic moieties (carboxylic acid groups) 
on ɣ-PGA have been reported to have a pKa value of around 4.86 114, and so it should be 
negatively charged over a wide range of pH found in foods. 
 
ɛ-PLL was chosen as an edible cationic polymer that also has good water-solubility 
and biodegradability 115. The cationic moieties (primary amino groups) on ɛ-PLL have a pKa 
value around 10 92, 116, which means this polyelectrolyte has a positive charge over a wide 
range of pH values. Several studies have shown that (ɛ-PLL) has potential applications as a 
functional ingredient in food products, particularly for controlling microbial growth 
because of its high antimicrobial activity, low toxicity, high water-solubility, and good 
thermal stability 46, 117-126. The incorporation of ɛ-PLL into foods, however, can be difficult 
because of its bitter taste and tendency to form complexes with anionic ingredients, leading 
to turbidity, sedimentation, and loss of functionality.  Studies have shown that when 
cationic ε-PLL interacts with anionic polysaccharides it can form electrostatic complexes 
that may be soluble (transparent) or insoluble (turbid) depending on solution composition 
118-120. Consequently, it may be possible to overcome some of the challenges associated with 
incorporating ɛ-PLL into foods by making judicious use of electrostatic complexation.   
     The purpose of the current study was to examine the factors that impact the formation 
and properties of electrostatic complexes of ɛ-PLL and ɣ-PGA.  This information would 




vitamins, and other bioactive agents intended for oral consumption.  In general, the 
formation of polyelectrolyte complexes is impacted by many factors, including polymer 
properties (e.g., molar mass, conformation, charge density, functional groups, and 
hydrophobicity), polymer content (e.g., mixing ratio and total concentration) and solution 
conditions (e.g., pH, ionic strength, and temperature) 11, 103, 127. 
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2.2 Materials and Methods 
Materials 
Epsilon-poly-L-lysine (MWAVG = 2.5 to 3.8 kDa) (CAS No. 73548-20-60) and ɣ-poly-
glutamic acid (MW ≥ 700 kDa) (CAS No. 25513-46-6) were purchased from Wilshire 
Technologies Inc. (Princeton, NJ, USA) and stored in dry ambient temperature conditions 
prior to use. All other chemicals were of analytical grade. Double distilled water from a 
water purification system (NANOpure Infinity, Barnstead International, Dubuque, IA) was 
used for the preparation of all solutions. 
 
Preparation of Polyelectrolyte Solutions 
An aqueous ɛ-PLL solution was prepared by dispersing powdered ɛ-poly-l-lysine 
into double distilled water to reach a final concentration of 0.5 w/v %.  An aqueous ɣ-PGA 
solution was prepared by dispersing powdered ɣ-poly-glutamate into double distilled water 
to reach a final concentration of 2 w/v%.  These solutions were then adjusted to pH 7.40 
using NaOH or HCl solutions and then stirred for at least for 3 h at ambient temperature to 
ensure dissolution. Solutions were then stored overnight before being used. Before every 
experiment, the solutions were vortexed and mixed to ensure they were homogeneous.  
 
Electrical charge and particle size characteristics 
Microelectrophoresis and dynamic light scattering were used to determine the 
electrical characteristics and dimensions of the polyelectrolytes and their complexes. The ζ-
potential of the particles in the polyelectrolyte solutions was measured using a commercial 




Instruments, Worchester, U.K.). The same instrument was used to measure the dimensions 
of the particles based on dynamic light scattering.  All measurements were conducted on at 
least two freshly prepared samples and repeated three times per sample. Samples were 
diluted using double distilled water adjusted to pH: 7.40 to avoid multiple scattering. 
 
Isothermal Titration Calorimetry (ITC) 
An isothermal titration calorimeter (VP-ITC, Microcal Inc., Northampton, MA) was 
used to measure the enthalpy changes associated with the polyelectrolyte interactions at 
25.0°C.  Twenty-nine 10 µL aliquots of ɣ-PG solution (2.0 w/v% pH 7.40) were injected 
sequentially into a 1480 µL titration cell initially containing either water (adjusted to pH 
7.40) or 0.5 w/v% ɛ-PLL dissolved in water (adjusted to pH 7.40).  As a control, twenty-nine 
10 µL aliquots of water were injected into 0.5 w/v% ɛ-PLL dissolved in water (both 
previously adjusted to pH 7.40). Each injection lasted 12 s, and there were intervals of 360 s 
between injections. 
 
Turbidity Measurements  
Influence of polyelectrolyte ratio 
The impact of polyelectrolyte ratio on the formation of large insoluble complexes 
was determined using turbidity measurements.  Aliquots of 2% ɣ-PGA solution (0 to 2000 
L) were injected into a 0.5% ɛ-PLL solution (initially 7.5 mL), both at pH 7.40.   Each 
sample was then mixed and vortexed to ensure it was homogeneous before the turbidity 
(τ550) was measured at a wavelength of 550 nm using a UV-Visible spectrophotometer 




25oC).  The samples and reference (distilled water) were contained in 1 cm pathlength 
optical cells. 
 
Influence of salt 
The turbidity (τ550) of the ɛ-PLL and ɛ-PLL-ɣ-PGA solutions were measured in the 
absence or presence of salt using the same UV-visible spectrophotometer at ambient 
temperature. Samples containing salt were prepared by dispersing powdered sodium 
chloride into the polymer solutions, followed by stirring until the salt was completely 
dispersed throughout the solution. HCl or NaOH solutions were then used to adjust the 
system to pH 7.40. The resulting samples were then stirred and stored overnight at room 
temperature.  
 
Influence of temperature 
A number of samples were selected for thermal analysis based on the results from 
the turbidity measurements carried out at ambient temperature. The turbidity of these 
samples was then measured using a UV-visible spectrophotometer (Ultraspec 2000, 
Pharmacia Biotech) when they were heated from 25 to 90°C at 5°C/min. All these 
experiments were conducted with at least two freshly prepared samples.   
 
 Statistical analysis 
All data were collected from at least two individual experiments. Each independent 




average ± standard errors (SE) of these combined values. Statistical analysis was conducted 
using Excel (Microsoft, Redmond, VA, USA). 
 
2.2.1: Poly-L-Lysine 
ε-Polylysine (ɛ-PLL) has a light yellow to milk-white powder appearance and is 
slightly bitter in taste whether in powder or liquid form and is used commercially as a food 
preservative in Japan, Korea and in imported items sold in the United States (food products 
containing (ɛ-PLL) are mainly found in Japan). The use of poly-l-lysine (ɛ-PLL) is common in 
food applications such as boiled rice, cooked vegetables, soups, noodles and sliced fish 
(sushi). Literature studies have reported an antimicrobial effect of ε-polylysine against 
yeast, fungi, Gram-positive and Gram-negative bacteria. Moreover, Polylysine (ɛ-PLL) have 
potential applications as a functional ingredient in food products, particularly for 
controlling microbial growth because of its high antimicrobial activity, low toxicity, high 
water-solubility, and good thermal stability 117-118, 120, 122-123, 125-126. The production of ε-
polylysine by natural fermentation was first described by researchers Shoji Shima and 
Heiichi Sakai in 1977128. Since the late 1980s, polylysine has been approved by the Japanese 
Ministry of Health, Labour and Welfare as a preservative in food. In January 2004, 
polylysine became generally recognized as safe (GRAS) certified in the United States. 
 
2.2.1.1 Molecular and physicochemical characteristics 
Chemical formula and structure 
Polylysine refers to several types of lysine homopolymers, which may differ from 




contains two amino groups, one at the α-carbon and one at the ε-carbon. Either can be the 
location of polymerization, resulting in α-polylysine or ε-polylysine. Polylysine is a 
homopolypeptide belonging to the group of cationic polymers: at pH 7, polylysine contains a 
positively charged hydrophilic amino group. However, ε-Polylysine (ε-poly-L-lysine, EPL) is 
typically produced as a homopolypeptide of approximately 25–30 L-lysine residues 
(C6H12N2O)n (Figure 2.1.), thereby, production of polylysine by natural fermentation is only 
observed in strains of bacteria in the genus Streptomyces. Streptomyces albulus is most often 







Figure 2.1.  Chemical structure of ɛ-Poly-L-Lysine (ɛ-PPL) 
 
Polymer (ɛ-PPL) properties 
ɛ-Poly-L-Lysine (ɛ-PLL) has lysine monomer linked by α-carboxyl group and ɛ-
amino group of lysine. The cationic moieties (primary amino groups) on (ɛ-PLL) have a pKa 
value around 10 117. Moreover, ɛ-PPL is cationic when the environmental pH is lower than 
its isoelectric point (pI ≈ 9.0), because of the presence of primary (-NH3 +) amine groups 




affected by the hydrocolloid’s molecular weight and/or density. Molecular weight of 
Epsilon-poly-L-lysine (ɛ-PPL) (MWAVG = 2.5 to 3.8 kDa), used for the remainder of the 
experiments included on this thesis) (were acquired from Wilshire Technologies Inc, 
Princeton, NJ, USA). Hence, (ɛ-PPL) formula weight is 158.24132 g/mol when (C6H12N2O) * 
HCl is found in the chloride-powder state. The density of (ɛ-PPL) tends to vary among 
manufactures and still not very clear on literature yet. Interestingly, melting point from 
Epsilon-poly-L-lysine can be found anywhere around this high temperatures ranges either 
from 142.2 °C up to 172 °C, depending of course on manufacturer biopolymer extraction 
procedures. Moreover, also the boiling point temperature ranges tends to vary from 
manufactures and suppliers.  
 
2.2.2.: Poly Glutamic Acid polypeptide 
PGA is an edible anionic biopolymer with high water-solubility and good 
biodegradability that is produced by microbial fermentation (Bacillus subtilis). Studies have 
already shown that this polymer has a range of potential applications in food, 
pharmaceutical, and healthcare products 130.  As an example, the Japanese traditional food, 
‘‘natto’’ (fermented soybeans), is a mixture of ɣ-PGA and fructan produced by Bacillus natto 
113, 130. In PGA, the amide linkages are formed between the α-amino group and the -carboxyl 












Figure 2.2. Chemical Structure of Polyglutamic Acid (PGA) 
Molecular and physicochemical characteristics 
Polymer (ɣ-PGA) properties 
The anionic moieties (carboxylic acid groups) on ɣ-poly-glutamic acid (ɣ-PGA) have 
been reported to have a pKa value of around 4.86 114, and so it should be negatively charged 
over a wide range of pH found in foods131. Moreover, (ɣ-PGA) have a chemical formula of 
(C5H7NO3)n is detailed to have (1.409 g/cm3) on density, with a molecular weight (MW = 
387.34200 Da) on average. However, some variability can be found from different 
manufacturers and/or suppliers. In the other hand, (ɣ-PGA) melting point still not very clear 
on the literature. However, it has been found that in a temperature of 333.8ºC at 760 mmHg 






Table #2.2. Production of PGA in Solid State Fermentation (SSF)112. 
STRAIN KEY NUTRIENTS REQUIREMENTS 
B. LICHENIFORMIS 
NCIM 2324 
Soybean meal, citric acid, glutamic acid (NH4)2SO4, glycerol, L-glutamine, c-ketoglutaric acid 
B. SUBTILIS ME714 Sodium glutamate, urea trisodium citrate, starch 
B. SUBTILIS 
CCTCC202048 
Soybean cake powder, wheat bran, glutamic acid, citric acid, NH4NO3 
B. SUBTILIS 
CCTCC202048 
Swine manure, soybean cake, wheat bran, glutamic acid, citric acid 
B. SUBTILIS 
CCTCC202048 













Figure 2.3 Surface potential (ζ-potential) of 0.5% w/w poly-L-lysine solutions when 
increasing amounts of poly-glutamic acid were added (pH 7.4). 
 
2.2.2.1: Complex Formation 
Surface potential analysis 
The surface potential (ζ-potential) of the polyelectrolytes and their complexes was 
measured at pH 7.40 using microelectrophoresis (Figure 2.3).  In these experiments, 
aliquots of 2% ɣ-PGA solution were injected sequentially into a 0.5% ɛ-PLL solution to vary 
the mass ratio of the two polyelectrolytes.  In the absence of ɣ-PGA, the measured surface 
potential was relatively small and positive (ζ ≈ +2 mV), which can be attributed to the 
presence of some -NH3+ groups along the backbone of the ɛ-poly-l-lysine structure. The 




polymer was relatively low. This may have been due to association of counter-ions, such as 
Cl-, with the amino groups. Indeed, polylysine is supplied in a hydrochloride form. As the ɣ-
PGA level was increased, the -potential of the mixed system became less positive and then 
more negative, with a point of zero charge around 0.12 %. This effect suggests that the 
anionic ɣ-PGA molecules bound to the cationic ɛ-PLL molecules and formed a complex. 
Presumably, the carboxyl groups on the ɣ-PGA chains bound to amino groups on the ɛ-PLL 
chains. Initially, this led to charge neutralization and a reduction in the net positive charge 
of the complexes. Eventually, all the amino groups on the ɛ-PLL were occupied and so 
adding any more ɣ-PGA caused an increase in negative charge. This may have been because 
there was a change in the stoichiometry of the complexes or because of the presence of free 
(non-complexed) ɣ-PGA in the aqueous phase.   
 
Turbidity analysis 
 In general, two polyelectrolytes can form either soluble or insoluble electrostatic 
complexes depending on the nature of the system (Kizilay et al., 2011).  Turbidity 
measurements were therefore used to detect the presence of any large insoluble complexes 
in the mixtures.  Initially, the pure ɛ-PLL solution was optically transparent, indicating that 
the polylysine was fully soluble under these conditions.  The addition of increasing levels of 
ɣ-PGA to the ɛ-PLL solution led to a progressive increase in the turbidity until a maximum 
value was reached around 0.125 % polyglutamate, after which the turbidity progressively 













Figure 2.4. Dependence of the turbidity (550 nm) of 0.5% w/w poly-L-lysine solutions 
when increasing concentrations of poly-glutamic acid were added (pH 7.4). The inset shows 
photographs of the different samples. 
 
     This result suggests that insoluble electrostatic complexes were formed at intermediate 
ɣ-PGA levels.  Interestingly, the maximum turbidity was observed at the same ɣ-PGA level as 
the point of zero charge (Figure 2.4), which suggests that the complexes may have 
aggregated due to a reduction in the electrostatic repulsion between them.  At low ɣ-PGA 
concentrations, the complexes had a positive charge that prevented them from aggregating 
due to a strong electrostatic repulsion, whereas at high ɣ-PGA concentrations they had a 




Particle size analysis 
 Particle size measurements were carried out using dynamic light scattering to 
provide some additional insights into the nature of the insoluble complexes formed at 
intermediate ɣ-PGA levels.  In agreement with the turbidity measurements, the mean 
particle diameter first increased with increasing ɣ-PGA concentration, but then decreased at 
higher levels (Figure 2.5a), which suggested that large aggregates were formed at 
intermediate polyglutamate levels. The particle size distribution measurements indicated 
that the insoluble aggregates formed at intermediate ɣ-PGA levels (0.21%) had a 






















Figure 2.5: (A) Dependence of the mean particle diameter (ζ-average) of 0.5% w/w poly-L-
lysine solutions when increasing concentrations of poly-glutamic acid were added (pH 7.4). 
(B) Particle size distribution of sample containing 0.5% w/w poly-L-lysine and 0.21% poly-
glutamic acid (pH 7.4). Both were measured with dynamic light scattering. 
 
 
Interaction enthalpy analysis 
 The enthalpy changes associated with the interactions between ɣ-PGA and ε-PLL 
were quantified using ITC (pH 7.4, 25°C).  Two experiments were performed: (i) ɣ-PGA was 














Figure 2.6. Enthalpy changes resulting from injecting increasing amounts of a 2% 
polyglutamic acid solution into either pH-adjusted water or a 0.5% w/w poly-L-Lysine 
solution (pH 7.4). The enthalpy changes were measured using isothermal titration 
calorimetry. 
 
 Injection of ɣ-PGA into water led to a strong exothermic enthalpy change, whose 
magnitude decreased as increasing levels of ɣ-PGA were added.  This effect can be 
attributed to the heat of dilution of the ɣ-PGA.  Initially, the ɣ-PGA molecules in the injector 
are quite close together, which leads to strong intermolecular interactions between them, 
presumably due to electrostatic repulsion.  When they are injected into the reaction 
chamber, they are diluted and move further apart from each other, which changes the 




injection of ɣ-PGA into the ε-PLL solution led to a strong endothermic enthalpy change 
initially, followed by a slight exothermic enthalpy change later, which is indicative of a 
strong interaction between the two polyelectrolytes.   
 
The interaction between the ɣ-PGA and ε-PLL was assessed by calculating the difference 
between the two ITC profiles (Figure 2.6).   There was a relatively large endothermic 
enthalpy change from around 0 to 0.05% ɣ-PGA, which decreased steeply when the 
polyglutamate level was further increased.  There appeared to be a relatively small 
endothermic enthalpy change from around 0.08 to 0.15% ɣ-PGA.   At sufficiently high ɣ-PGA 
levels, the enthalpy change for the sample (injecting ɣ-PGA into ε-PLL solution) was similar 
to that of the control (injecting ɣ-PGA into water), so the overall enthalpy change was close 
to zero.  These results suggest that the two oppositely charged polyelectrolytes interacted 
strongly with each other at low ɣ-PGA levels, but then all the positively charged groups on 
the polylysine became saturated, which meant that there was little further interaction.  
Interestingly, the concentration range where the strong interactions were observed by ITC 
(0 to 0.07 %) was considerably narrower than the range where there was a large increase in 
turbidity and particle size (0 to 0.2%)133-134.  This suggests that electrostatic complexes may 
have formed first (strong endothermic reaction), which then aggregated with each other to 
produce large insoluble complexes (weak endothermic reaction).  In future studies, it would 
be interesting to identify the precise molecular origin of the observed enthalpy changes, e.g., 
electrostatic attraction, counter-ion release, conformational changes of polypeptides (such 
as secondary structure formation), and aggregation.  This was, however, beyond the scope 





2.2.2.2: Complex stability 
In this series of experiments, we examined the impact of solution conditions, such as 
pH, salt, and temperature, on the stability of the electrostatic complexes formed by the 
polylysine and polyglutamic acid. 
 









Figure 2.7. Dependence of the ζ-potential of aqueous solutions of poly-L-lysine (0.5%) and 
poly-glutamic acid (2%) on pH measured using particle electrophoresis. 
 
    The pH of the aqueous phase alters the electrical characteristics of the polyelectrolytes, 
which should impact their ability to form electrostatic complexes. For this reason, the 
impact of solution pH on the properties of the electrostatic complexes formed from ɣ-PGA 





The surface potential (ζ-potential) of the polyelectrolytes and their complexes was 
measured at different pH levels using microelectrophoresis (Figure 2.7). The surface 
potential (ζ-potential) of the ɛ-PLL went from moderately positive at low pH to moderately 
negative at high pH, with a point of zero charge around pH 8.5 (fig. 2.7). This effect can be 
attributed to the different charged groups on the polylysine. Additionally, Polylysine has 
numerous amino groups in the side chains, as well as terminal carboxyl and amino groups 
on either end of the molecule 130, 135. The positive charge at low pH values can therefore be 
attributed to protonation of the amino groups (–NH3+) and carboxyl groups (–COOH). 
Conversely, the negative charge at high pH values can be attributed to the de-protonation of 
the amino groups (–NH2) and carboxyl groups (–COO-). The polyglutamate was negatively 
charged across the whole pH range studied, but the magnitude of the negative charge 
decreased appreciably when the pH was reduced from around pH 6 to 2. This effect can be 
attributed to protonation of the carboxyl groups under acidic conditions (–COOH), since the 
pKa value of these groups has been reported to be around 4.9 114, 136. In this case, the impact 
of the terminal amino group on the charge characteristics is much less important because 
the polyglutamate has a much higher molecular weight than the polylysine 130. Based on the 
ζ-potential versus pH profiles, one would expect the two polyelectrolytes to form complexes 














Fig 2.8. Dependence of the product of the absolute values of the -potentials (|1||2|) of 
the poly-L-lysine (0.5%) and poly-glutamic acid (2%) solutions on pH.  This curve suggests 
that the strongest electrostatic attraction occurs around pH 6. 
 
An estimate of the magnitude of the electrostatic attraction between the two 
polyelectrolytes was obtained by plotting the absolute values of the -potentials (|1||2|) 
of the poly-L-lysine and poly-glutamic acid solutions as a function of pH (Figure 2.8).  This 
analysis suggested that the strongest electrostatic attraction between the two 














Figure 2.9. Dependence of the turbidity of aqueous solutions of mixed poly-L-lysine (0.5%) 
and poly-glutamic acid (0.235%) on pH. 
 
The impact of pH on the turbidity of mixtures consisting of 0.5% polylysine and 
0.235% polyglutamic acid was then measured (Figure 2.9).  The mixtures were optically 
transparent from pH 12 to 8, which can be attributed to the fact that both polyelectrolytes 
had a net negative charge (Figure 2.7).  Hence, there was an electrostatic repulsion 
between them that inhibited their tendency to form complexes.  There was a relatively high 
turbidity from pH 8 to 5, which can be attributed to the formation of electrostatic complexes 
that were large enough to strongly scatter light.  These complexes formed because of the 
relatively strong electrostatic attraction between the oppositely charged polyelectrolytes in 




polyelectrolyte solutions was relatively low suggesting that large electrostatic complexes 
were not formed.  This was probably because of the relatively weak electrostatic attraction 
between the polylysine and polyglutamic acid in this pH range (Figures 2.7 and 2.8).  
Interestingly, there was a large increase in turbidity at pH 2 (Figure 2.10), which was 
probably due to self-association of the polyglutamic acid when the carboxylic acid groups 
became protonated, thereby reducing the electrostatic repulsion between the molecules.   
 
Influence of Salt 
These presence of mineral ions in aqueous solutions can alter the formation and 
stability of electrostatic complexes due to their ability to bind to polyelectrolytes and to 
screen electrostatic interactions 105, 108, 127. For this reason, we examined the impact of salt 














Figure 2.10: Impact of salt (NaCl) concentration on the dependence of the turbidity (550 
nm) of 0.5% w/w poly-L-lysine solutions when increasing concentrations of poly-glutamic 
acid are added (pH 7.4). 
 
There was a broadening of the range of ɣ-PGA concentrations where large 
electrostatic complexes that scattered light strongly was formed as the salt concentration 
was increased (Figure 2.10).  This suggests that the aggregates were more susceptible to 
aggregation in the presence of salt, which can be attributed to screening of the electrostatic 
repulsion between them at higher ionic strengths.  This result suggests that the complexes 
formed between the two polyelectrolytes were highly susceptible to changes in the ionic 
composition of the surrounding aqueous phase, which may have important implications for 
















Figure 2.11.  Impact of temperature on the turbidity (550 nm) of 0.5% w/w poly-L-lysine 
solutions containing either 0.193% (insoluble complexes) or 0.235% (soluble complexes) 
poly-glutamic acid (pH 7.4). 
 
Finally, the impact of temperature on the thermal stability of electrostatic 
complexes was measured using turbidity measurements (Figure 2.11). Two mixed samples 
were selected for analysis based on the turbidity measurements made at ambient 
temperature (Figure 2.4 or 2.11) (see below): (i) insoluble complexes that were highly 
turbid (ɣ-PGA = 0.193%; ε-PLL = 2.0 w/v%); (ii) soluble complexes that were transparent 




complexes decreased slightly as the temperature was raised from 25 to 90 °C, which 
suggests that there was limited dissociation of the polyelectrolyte complexes at higher 
temperatures.  This phenomenon may have occurred due to alterations in the strength of 
the hydrogen bonding or electrostatic interactions with increasing temperature, as well as 
alterations in the configurational and conformational entropy. Even so, the complexes did 
remain intact during heating, which suggests that the electrostatic attraction was strong 
enough to hold the two polyelectrolytes together. The turbidity of the sample containing 
soluble complexes remained low at all temperatures indicating that heating did not lead to 
the formation of insoluble complexes. This might be important for the development of 















Figure 2.12. Samples selected from turbidity (550 nm) experiments of 0.5% w/w poly-L-
lysine solutions containing either 0.193% (insoluble complexes) or 0.235% (soluble 
complexes) poly-glutamic acid (pH 7.4). 
 
2.3 Conclusions 
Complex coacervation is a useful approach for creating biopolymer-based colloidal 
particles for the oral delivery of bioactives, such as nutraceuticals, vitamins, and 
pharmaceuticals.  In this study, we examined the possibility of using anionic ɣ-poly-glutamic 
acid (PGA) and cationic ɛ-poly-L-lysine (PLL) to form polyelectrolyte complexes.  Initially, 
the formation and properties of the complexes were characterized using visual 
observations, UV-visible spectrophotometry, microelectrophoresis (ζ-potential), and 
isothermal titration calorimetry (ITC) measurements.  The impact of pH, ionic strength, 
temperature and polymer ratio on complex formation was examined.  Our results showed 
that the complexes formed had a 1:4 mass ratio of polyanion-to-polycation at saturation. 
These results may be useful for the design of effective oral delivery systems for bioactive 
agents in foods and other products. This study has also shown that cationic polylysine and 
anionic polyglutamic acid can be used to assemble electrostatic complexes in aqueous 
solutions.  These two polyelectrolytes can be produced by microbial fermentation and may 
therefore be used as natural biopolymers for creating novel structures and functionalities in 
foods.  For instance, they may be used to encapsulate, protect, and release bioactive agents. 
We have shown that the formation and properties of the complexes is dependent on pH, 
ionic strength, and temperature, which can be attributed to the importance of electrostatic 
interactions and hydrogen bonding in their formation.  In future studies, we intend to utilize 




CHAPTER 3. STABILIZATION OF SOYBEAN OIL-IN-WATER 
EMULSIONS USING POLYPEPTIDE MULTILAYERS: CATIONIC 
POLYLYSINE AND ANIONIC POLYGLUTAMIC ACID. 











Many lipid-rich foods are in the form of oil-in-water emulsions such as milk, soft 
drinks, nutritional beverages, dressings, soups, and sauces 87.  Typically, the oil phase is 
dispersed as small spherical lipid droplets that are coated by a single layer of emulsifier 
molecules.  This kind of emulsion, however, is often highly susceptible to aggregation, 
especially when exposed to stresses such as heating, refrigeration, dehydration, pH 
extremes, and high salt levels 23, 137-139. In addition, there is only limited scope to tailor the 
functional attributes of lipid droplets that are stabilized by a single-layer coating.  The 




the composition and structural organization of the coatings around the lipid droplets 25. 
Indeed, previous studies have shown that emulsions containing lipid droplets coated by 
multiple layers can have much better stability than those coated by single layers 3, 13, 21, 82.  
This kind of interfacial engineering has been used to create emulsion-based delivery system 
with enhanced physical and chemical stability 23, 28.  
 
Multilayer coatings can be assembled from food-grade emulsifiers and biopolymers 
that are charged, like ionic surfactants, phospholipids, proteins, or polysaccharides 3, 8, 21, 23, 
77, 82.  Droplets coated by multilayers have been employed to encapsulate hydrophobic 
flavors 88, 140,  ω-3 fatty acids 141, vitamin A 2, and carotenoids 25, 142.  The electrostatic 
deposition method is therefore a versatile tool for modulating the functional performance of 
emulsion-based delivery systems by intelligently altering their interfacial properties. The 
assembly conditions and biopolymers utilized to create multilayer coatings around lipid 
droplets impact the stability and functionality of emulsions 3, 54. Typically, a polypeptide and 
an oppositely charged polysaccharide are used to fabricate multilayer coatings from food-
grade biopolymers 77.  In the current study, we examined the possibility of forming these 
coatings using two oppositely-charged polypeptides.  These polypeptides were selected 
because of their well-defined primary sequence. Epsilon-poly-L-lysine (PLL) is a cationic 
polypeptide that is positively charged across a wide pH range because of the relatively 
highly dissociation constant of the primary amino groups, i.e., pKa =10 125, 143.  Conversely, 
poly-glutamic-acid (PGA) is an anionic polypeptide that is negatively charged across a broad 
pH range because of the relatively low dissociation constant of the primary carboxyl groups, 
i.e., pKa = 4.9 114, 130.  Recently, we showed that PLL and PGA form either insoluble or soluble 




PLL-PGA complexes were insoluble under pH conditions where there was a strong 
electrostatic attraction between them, whereas they were soluble when there was only a 
weak attraction.  In the current study, we hypothesized that that the ability of the two 
polypeptides to form electrostatic complexes under appropriate solution conditions could 
be utilized to form polypeptide-based multilayer coatings around lipid droplets, which may 
improve the physicochemical stability and functional performance of emulsions.   
 
Initially, primary emulsions were formed by homogenizing soybean oil, water, and a 
natural surfactant (quillaja saponin) together.  These emulsions contained anionic saponin-
coated lipid droplets, which were then used as a template to form the multilayer-coated 
droplets.  Secondary emulsions were formed by depositing a layer of cationic PLL onto the 
surfaces of the saponin-coated droplets.  Finally, tertiary emulsions were formed by 
depositing a layer of anionic PGA onto the PLL-saponin-coated droplets.  The impact of 
changes in environmental conditions on the stability of the primary, secondary, and tertiary 
emulsions was then measured.  Our main objective was to determine whether there were 
any significant advantages to coating the lipid droplets with multilayers of polypeptides.   
3.2 Materials and Methods 
 Materials 
    Epsilon-poly-L-lysine (2.5 to 3.8 kDa) (CAS No. 73548-20-60) and ɣ-poly-glutamic acid (≥ 
700 kDa) (CAS No. 25513-46-6) were purchased from Wilshire Technologies Inc. 
(Princeton, NJ, USA).  Prior to utilization the powdered ingredients were stored at ambient 
temperature under dry conditions.  Quillaja saponin (Q-Naturale 200) was provided by 




All other chemicals were of analytical grade. Double distilled water from a water 
purification system (NANOpure Infinity, Barnstead International, Dubuque, IA) was used to 














Advantage  Disadvantage  Referenc
es  









colloidal stable  
• High loading capacity 
of encapsulated 
compound 
• Easy to prepare 
• Low long-term holding 
capacity of encapsulated 
compound  
• High amount of amphiphilic 
compounds, required for the 
preparation 
• Undesirable final taste  
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• Able to encapsulate 




• Nanosize liposomes 
can be 
thermodynamic 
stable, but kinetically 
unstable. 
• Natural ingredients 
 
• Low stability at low acidic 
pH condition 
• High material costs 














oil   
• Thermodynamic 
stable 
• Fast release  
• Easy to prepare 
 














• medium surfactant 
required.  
• fast release 
• Can be prepared by 
using natural 
ingredients. 
• Relatively low cost.  
• Thermodynamic unstable  














• Lowest surfactant 
required. 
• Fast release 
• Can be prepared by 
using natural 
ingredients. 
• Relatively low cost. 
• Thermodynamic unstable  











Table #3.1. The size range, appearance, main compositions, advantages, and disadvantages 
















• Low lipid oxidation 
and encapsulated 
chemical degradation 
rate than lipid oil.  
• Able to encapsulate 
both lipophilic and 
hydrophilic.  
• Good holding drug 
inside of particles.  
• Temperature sensitive  
• Large particle 
Thermodynamic unstable  
• Low drug loading capacity  






















• No surfactant 
required  
• High loading capacity 
• Prepared using 
natural ingredients. 
• Target release 
 
• Porous structure  
• High Density-Sedimentation    
• Poor internal material 
release rate 







Oil-in-water emulsions were produced by homogenizing 10 w/v% lipid phase 
(soybean oil) with 90 w/v% aqueous phase (0.5% quillaja saponin in distilled water 
adjusted to pH 4.0). Initially, a coarse emulsion was formed by applying a laboratory 
blender (Bamix, Biospec Products, Bartlesville, OK) for 2 minutes at ambient temperature. 
The coarse emulsion was then poured into the inlet hopper of a microfluidizer (M110-P, 
Microfluidics, Newton, MA, USA).  The sample was passed through this device three-times at 
a pressure of 15,000 psi.  An ice bath was placed around the collection vessel to cool the 
emulsion and prevent the microfluidizer from over-heating during the homogenization 
process. 
 
Formation of Multilayer Coatings 
Secondary emulsions: After homogenization, the soybean oil-in-water emulsions (d ≈ 
0.50 m) were adjusted back to pH 4.0.  A series of secondary emulsions was then formed 
by mixing the primary emulsion with PLL solutions of varying concentration.  Practically, 
this was achieved by injecting 2 mL of primary emulsion (as five aliquots of 0.4 mL) into a 
fixed volume (8 mL) of PLL solution (0-0.02 w/v%) while vortexing so as to reach a final 
sample volume of 10 mL.  The final lipid droplet concentration in the secondary emulsions 
was therefore 2.0 w/v% while the PLL concentration increased from 0 to 0.016 w/v%.   The 
PLL-to-water (pH 4.0) ratio in the PLL solutions was varied to generate a range of poly-L-
lysine concentrations in the final emulsions.  The secondary emulsions were then stored for 




Tertiary emulsions: A series of tertiary emulsions was formed by mixing the 
secondary emulsions with PGA solutions of varying concentrations.  This was achieved by 
adding 5 mL of secondary emulsion (2 w/v% oil) into 0 to 2 mL of PGA solution (0.08 
w/v%) while vortexing to give a range of PGA concentrations from (0 to 0.023 w/v%). The 
tertiary emulsions were then incubated at ambient temperature for 24 h to allow the 
system to come to steady state. 
 
Influence of Environmental Conditions 
The influence of pH, salt, and heating on the stability of the emulsions was examined.  
For these measurements, the primary, secondary, and tertiary emulsions were all diluted 
with pH-adjusted distilled water or salt solution so that they had the same final oil droplet 
concentration (1.0 w/v%). 
• pH:  The impact of pH was examined by preparing emulsions using double distilled 
water adjusted to different pH values (pH 2.0-9.0) and then vortexing to ensure they 
were homogenous.   
• Ionic Strength:  Emulsions (pH 4.00) containing a range of salt concentrations were 
prepared by mixing stock primary, secondary, or tertiary emulsions with different 
ratios of 500 mM NaCl solution (pH 4.00) and water (pH 4.0) and then vortexing.   
• Heating: Primary, secondary, or tertiary emulsions (pH 4.00) were placed on a 
temperature-controlled water bath (Fisherbrand™ Isotemp™ Advanced Stirring 
Hotplate, Fisher Scientific) and held at temperatures from 30 to 90°C for 30 min.  




After each of these treatments, the emulsions were stored for 24 h at ambient temperature 
before being analyzed. 
Determination of surface potential and size of coated lipid droplets 
Microelectrophoresis and light scattering were used to determine the surface 
potential and dimensions of the coated lipid droplets in the different emulsions. The ζ-
potential was measured by electrophoresis (Zetasizer Nano-ZS, Malvern Instruments, 
Malvern, Worcestershire, UK) while the mean particle diameter (d32) was measured by laser 
diffraction (MasterSizer 3000, Malvern Instruments).  Each sample was diluted with double 
distilled water or salt solution (adjusted to the appropriate pH) prior to analysis so as to 
reach the optimum light scattering conditions for reliable measurements. In the salt-
addition experiments, the emulsions were diluted with salt solutions (pH 4.0) that had the 
same ionic strength as them for the -potential measurements but with distilled water (pH 
4.0) for the particle size measurements (because of the large diluent volume required).  All 
measurements were conducted on at least two freshly prepared samples and repeated 
three times per sample.  
Microstructural analysis 
Optical and confocal scanning fluorescence laser microscopy were used to monitor 
the microstructures of the emulsions using a 40×objective lens (Nikon D-Eclipse C1 80i, 
Nikon, Melville, NY, US). For the fluorescence measurements, 100 μL of sample was mixed 
with 10 μL of Nile Red solution (1 mg/mL ethanol) to dye the lipid phase. The emission and 
excitation wavelengths used for the Nile Red dye were 543 nm and 605 nm, respectively. 
Images were collected and stored using the image analysis software on the microscope 






All data were collected from at least two separate experiments with two 
measurements made per sample. The results were then combined, and the mean and 
standard deviation were calculated using Excel (Microsoft, Redmond, VA, USA). 
 
3.3: Optimization of Primary Emulsion Formation 
 Initially, a preliminary experiment was carried out to establish the optimum 
emulsifier concentration required to create the primary emulsions.  The emulsifier 
concentration should be sufficiently high to generate small lipid droplets during 
homogenization but not so high that there is a high level of non-adsorbed emulsifier present 
in the aqueous phase.  This excess emulsifier would have interacted with the cationic 
polypeptide (PLL) used to form the secondary layer, thereby inhibiting multilayer 
formation.  For this reason, an initial experiment was conducted that involved measuring 
the impact of emulsifier concentration on the mean particle diameter and -potential of 10 
w/v% soybean oil-in-water emulsions produced under standardized homogenization 
conditions (data not shown). These experiments established that a mean droplet diameter 
of 0.50 µm and a -potential of -41.9 mV could be obtained using 0.5 w/v% of quillaja 





3.4: Optimization of Secondary Emulsion Formation 
The purpose of these experiments was to identify the optimum (Epsilon-Poly-L-
Lysine) PLL concentration required to completely cover the surfaces of the saponin-coated 
lipid droplets.  The adsorption of the cationic PLL molecules onto the anionic saponin-
coated lipid droplets is mainly driven by electrostatic attraction between the polypeptide 
chains and the surfaces of the oppositely charged lipid droplets.  Typically, solution 
conditions are selected so that both the polypeptides and lipid droplets have strong surface 
potentials but opposite charges 3, 149. It is important, however, that the final surface 
potential of the polypeptide-coated lipid droplets is large enough to generate a strong 
electrostatic repulsion, otherwise the droplets will aggregate.  In this study, we found that 









Figure 3.1. Impact of PLL concentration on the (A) ζ-potential, (B) mean particle diameter 
(d
32
), and (C) appearance of oil-in-water emulsions containing lipid droplets coated by 
quillaja saponin (pH 4.0).  In the photographs, the PLL concentration increases from 0 to 
0.016% (left to right), corresponding to the values in Figs. 2.1A and 2.1B. 
 
The -potential changed from strongly negative (-42 mV) in the absence of PLL, to 
strongly positive (+44 mV) in the presence of high levels of PLL (Fig. 3.1a).  The net charge 
on the coated droplets was close to zero at a PLL concentration of around 0.0013 w/v%, 
suggesting that the cationic groups on the PLL molecules had neutralized all of the exposed 
anionic groups on the adsorbed saponin molecules at this point.  It should be noted that 
there were relatively large error bars for some of the -potential measurements, which can 
mainly be attributed to the formation of large aggregates at PLL concentrations where 
charge neutralization or bridging flocculation occurred. The mean particle diameter was 
relatively small (d  0.50 m) in the absence of PLL and the droplets were stable to 
creaming, suggesting quillaja saponin was an effective natural emulsifier (Figs. 3.1b and 
3.1c).  At an intermediate PLL concentration, which was quite close to the point of zero 
charge, there was a large increase in mean particle diameter (d > 5 m), which is indicative 
of aggregation of the droplets.  Presumably, this was because the net charge on the lipid 
droplets was relatively low, so only a weak electrostatic repulsion operated between them.  
Moreover, the surfaces of these droplets would have had both positive patches (PLL) and 
negative patches (saponin) exposed to the surrounding aqueous phase, thereby leading to 
an electrostatic attraction between them that could promote heteroaggregation. At higher 
PLL concentrations, however, the mean particle diameter was relatively small, decreasing 




possible explanation of this result is that the PLL layer formed around the lipid droplets 
became thinner as the PLL concentration was raised.  An alternative explanation is that the 
presence of higher levels of PLL inhibited droplet flocculation.  Assuming that no droplet 
flocculation occurred at the highest PLL concentration, the thickness of the PLL layer can be 
estimated to be around 30 nm, i.e., half the difference between the diameters of the coated 
(560 nm) and uncoated (500 nm) droplets.  Visual observations of the secondary emulsions 
showed that they were all stable to creaming, except for the ones where extensive droplet 
flocculation was observed at intermediate PLL concentrations (Fig. 3.1b). 
 More information about the characteristics of the interfacial coatings formed by the 
poly-L-lysine molecules was obtained by analyzing the ζ-potential versus PLL curve (Fig 
3.1a).  The following semi-empirical equation was fitted to the experimentally measured ζ-
PLL profile 8: 
 
                                   (1) 
 
      
Here ζ0, ζ(c), and ζSat are the measured ζ-potential values of the lipid droplets in the 
absence of PLL, at a PLL concentration of c, and when they are saturated with PLL. The 
variable c* is the PLL concentration where the overall change in ζ-potential is 1/eth of the 
total change in the ζ-potential at saturation: ∆ζ = (∆ζSat)/e.  The variable cSat is the minimum 
PLL concentration needed to completely cover the droplet surfaces, which is calculated by 
assuming that the lipid droplet surfaces are saturated when the overall change in ζ-




finding the best-fit between the predictions of the above equation and the measured ζ-
potential versus PLL profile (Fig. 3.1a).  These calculations indicated that the cSat value was 
around 0.0075 w/v%.  If it is assumed that all of the PLL binds strongly to the lipid droplet 
surfaces (below saturation) because of the strong electrostatic attraction between the 
cationic polypeptides and anionic droplet surfaces, then the surface load was determined to 
be 0.31 mg m-2, which is relatively low compared to most proteins, i.e., 1 to 10 mg m-2 16.  
This calculation is based on knowledge of the lipid droplet concentration (2% oil) and the 
mean droplet diameter (d32 = 0.5 m).  Knowledge of the amount of a polyelectrolyte 
required to saturate the surfaces of all the droplets in an emulsion is important because it 
means that multilayer emulsions can be formed using the saturation method, i.e., just 
enough polyelectrolyte can be added to completely cover the droplet surfaces, without 
promoting bridging or depletion flocculation 3. 
3.5: Optimization of Tertiary Emulsion Formation 
Tertiary emulsions were formed by depositing anionic ɣ-PGA onto the cationic PLL-
saponin-coated lipid droplets.  These experiments were carried out at pH 4.0 since the 
carboxylic acid groups on PGA have a negative charge at this pH, while the amino groups on 
PLL have a positive charge 18.  A PLL concentration of 0.0096 w/v% was used to formulate 
the secondary emulsions because this level was expected to lead to a system where all the 
PLL was adsorbed to the lipid droplet surfaces, i.e., slightly above the saturation 
concentration.  As a result, there would be little free PLL present in the aqueous phase to 





Figure 3.2. Impact of polyglutamic acid concentration on the (A) ζ-potential, (B) mean 
particle diameter (d
32
) and (C) appearance of tertiary emulsions containing PLL-saponin-
coated lipid droplets (pH 4.0).  In the photographs, the PGA concentration increases from 0 
to 0.022% (left to right), corresponding to the values in Figs. 2.2A and 2.2B. 
 
The -potential of the droplets in the tertiary emulsions was measured as the PGA 
concentration was raised (Fig 3.2a). The ζ-potential went from strongly positive (+30 mV) 
in the absence of PGA to strongly negative (-50 mV) in the presence of high levels of PGA.  
This change in charge from cationic to anionic is indicative of the PGA molecules adsorbing 




charge around 0.0031 w/v% PGA, which suggested that the negative groups on the PGA 
molecules had neutralized the positive groups on the PLL molecules around this value.  The 
emulsion stability was also strongly dependent on PGA addition (Figs. 3.2b and 3.2c). 
There was a steep increase in mean particle diameter as the PGA concentration increased 
from 0 to 0.01 w/v%, followed by a steep decrease when the PGA concentration was further 
increased to 0.031 w/v% (Fig. 3.2c).  Indeed, relatively small droplets (d32 = 0.8 m) could 
be formed at the highest PGA concentration used (0.023 w/v%).  The particle size results 
were supported by visual observations of the tertiary emulsions, which showed that 
appreciable creaming occurred at intermediate PGA concentrations, but that the systems 
were relatively stable to gravitational separation at low and high PGA levels (Fig. 3.2b).  
The increase in particle size and creaming instability are indicative of droplet aggregation.  
The most likely mechanism for this phenomenon is bridging flocculation caused by linking 
of a single anionic PGA molecule to cationic patches on two or more cationic PLL-saponin-
coated lipid droplets.  Interestingly, the largest particle size and creaming instability did not 
occur at the point where the oil droplets had no net charge.   
 
* In the subsequent experiments, a PGA concentration of (0.021 w/v%) (that was slightly 
above the saturation level) was used to formulate the tertiary emulsions. 
 
3.6: Factors effecting properties of layers 
There are many endogenous factors on a food matrix, but at the same time, 
exogenous from a multilayer system perspective, that usually effect on the external in a 




predominant factors that can be found in food processing facilities, such as pH, Ionic 
Strength and Temperature. The understanding of each effect caused by all the factors 
mention below, are imperative for the selection  
 
pH 
The properties of the multilayered interfaces surrounding colloidal particles can be 
adjusted by small variations in pH after their formation86. Alterations in solution pH can 
change the electrostatic interactions between the particle surface and the adsorbed 
polyelectrolyte, between two or more adsorbed polyelectrolytes in the layer, or between 
adsorbed and non-adsorbed polyelectrolytes. These changes can alter the thickness, 
packing and integrity of the multilayered interface3. For example, changing external pH 
conditions can be used to cause one or more of the polyelectrolytes in the interface to fall 
off, thereby providing a means of selective triggering of release of charged molecules150. 
Finally, pH induced alterations in the thickness of the interfacial layer may provide better or 
worse stability to droplet aggregation by altering the magnitude and range of the steric 
repulsion and van der Waals attraction between droplets3. 
 
Ionic Strength 
The ionic strength of the solution determines the strength and range of intra- and 
inter-molecular electrostatic interactions and hence multilayer film formation, structure 
and thickness4, 151. In the presence of salt, polyelectrolytes often form thicker layers because 
they have a more compact chain conformation in solution (due to weaker intra-molecular 




and surface groups allows post-adsorption molecular rearrangements6. Interestingly, 
electrostatic screening becomes stronger as the concentration and valency of the counter-
ions in the solution increases. The range of this effect is characterized by the Debye 




                                                                                                                                                     
 (Debye screening length (κ−1) for aqueous solutions at room temperature) here 
where:  
κ −1 = 0.304 ∕√I nm, where I is the ionic strength of 1:1 electrolytes (e.g., NaCl) in moles per 
liter152. Multivalent counter-ions (e.g., Ca2+, Fe2+, Fe3+) are much more effective at screening 
electrostatic interactions than monovalent counter-ions (e.g., Na+, Cl−, K+). Thus, smaller 
concentrations of multivalent counter-ions would screen more charges than monovalent 
counter-ions. Multivalent counter-ions can also bind to the surface of polyelectrolytes and 
change the surface charge density3, 14. Generally speaking, polyelectrolyte molecules within 
the inner layers tend to be more densely packed and have more restricted motion than 
those in the outermost layer153. Therefore, the amount of polyelectrolyte adsorbed to the 
surface and the thickness, structure and porosity of the interfaces formed are strongly 







Many food emulsions undergo some form of thermal processing during their 
production, storage or utilization, e.g., pasteurization, sterilization or cooking16. It is indeed 
imperative that an emulsion can withstand these thermal treatments without breaking 
down due to droplet flocculation or coalescence20. However, many emulsifiers are 
unsuitable for creating droplets that are resistant to thermal processing because they 
undergo changes in their ability to prevent droplet aggregation with temperature3.  
 
3.7: Impact of Environmental Conditions on Emulsion Stability  
In these experiments, the stability of primary, secondary, and tertiary emulsions to 
environmental stresses (pH, Ionic Strength and Heating) were examined at pH 4.0. All the 
emulsions were diluted to a final oil level of 1.0 w/v% so that they could be compared at a 
similar droplet concentration.  The particle size, charge, creaming stability, and 
microstructure were measured.   
 
pH 
Initially, the impact of pH on the properties of the primary, secondary, and tertiary 
emulsions was investigated.  All of the emulsions were initially prepared at pH 4.0, and then 
they were adjusted to a range of different pH values by adding acid or alkaline solution. The 
particle charge, size, and creaming stability were then measured after 24 h incubation at 




Interestingly, the sign of the -potential of all the emulsions was independent of pH: the 
primary and tertiary emulsions were always negative, while the secondary emulsions were 
always positive (Fig. 3.3a). The magnitude of the -potential of the primary emulsions was 
also largely pH-independent. There was an appreciable decrease in the magnitude of the 
positive charge on the secondary emulsions under highly acidic conditions (pH 2 and 3). 
Moreover, there was a slight decrease in the negative charge on the tertiary emulsions 
under the most acidic conditions.  As mentioned earlier, the dissociation constants of the 
amino groups on the PLL should be around pKa = 10, whereas those of the carboxyl groups 
on the PGA should be around pKa = 4.9.  Consequently, one would expect the PLL to remain 
strongly positively charged across the whole pH range, but some loss of negative charge on 
the PGA molecules when the system was reduced below pH 5.  The reduction in negative 
charge of the tertiary emulsions observed at low pH may therefore have been due to partial 
protonation of the carboxyl groups and/or desorption of some of the polypeptides in the 






Figure 3.3. (A) ζ-Potential, (B) mean particle diameter (d32) and (C) appearance of 1st, 2nd 
and 3rd layers systems pH influence from (2.00-9.00) 
 
The size of the particles in the emulsions was also pH-dependent (Fig. 3.3b).  The 
mean particle diameter of the primary emulsions remained relatively low from pH 3 to 9, 




in the primary emulsions under highly acidic conditions. Previous researchers have also 
reported that lipid droplets coated by quillaja saponin flocculate at low pH values 154, which 
was attributed to a reduction in the electrostatic repulsion between the droplets under 
strongly acidic conditions.  
 
The secondary emulsions contained slightly bigger particles that the primary 
emulsions at most pH values, which may have been due to the presence of the adsorbed PLL 
layer or because of some flocculation.  The secondary emulsions did, however, appear to be 
more stable to aggregation under highly acidic conditions than the primary emulsions.   
 
The tertiary emulsions clearly had the worst pH stability.  They contained the largest 
particles at all pH values, and a large increase in mean particle diameter occurred when 
they were incubated under highly acidic conditions.  This phenomenon may have occurred 
because the PGA molecules lost some of their charge and so did not adhere to the lipid 
droplet surfaces as strongly.  As a result, some of them became partially detached from the 
surface of one lipid droplet and adsorbed on to the surface of another lipid droplet, leading 
to bridging flocculation.   
 The particle size measurements were supported by visual observations of the 
emulsions (Fig. 3.3c).  The primary and secondary emulsions, which contained relatively 
small particles, were relatively stable to creaming at all pH values.  Conversely, the tertiary 
emulsions were stable to creaming at higher pH values (pH 4 to 9), but rapidly creamed at 







 In this section, the impact of ionic strength on the characteristics of the droplets in 
the primary, secondary, and tertiary emulsions was measured (Fig. 3.4).  The ionic strength 
was varied by adding increasing amounts of sodium chloride to the aqueous phase of the 
emulsions.  We hypothesized that the addition of salt would screen the electrostatic 
interactions between the charged polypeptides within the multilayers, as well as between 
the surfaces of the charged lipid droplets, thereby altering their surface characteristics and 
stability.  The surface potential of the emulsions was highly dependent on salt concentration 
when they were diluted with a solution of the same ionic strength (Fig. 3.4a).  For the 
primary and tertiary emulsions, the lipid droplets remained negatively charged at all salt 
concentrations, but the absolute value of the -potential decreased with increasing ionic 
strength.  This effect is the result of the accumulation of counter-ions (Na+) around the 
negative groups on the droplet surfaces at high salt levels, which reduces the surface 
potential 16. 
 
For the secondary emulsions: the sign of the surface potential changed from positive to 
negative when the NaCl concentration was increased from 0 to 50 mM. This suggests that 
the PLL layer detached from the droplet surfaces in the presence of even low levels of salt, 
which may have been due to weakening of the electrostatic attraction between the cationic 
PLL and anionic saponins.  The critical condition for the adsorption of a polyelectrolyte 









Here,  is the linear charge density of the polyelectrolyte,  is the surface charge 
density of the sphere, and  is the reciprocal of the Debye length. The value of  increases as 
the ionic strength increases.  Consequently, an increase in ionic strength means that a 
polypeptide would need to have a higher charge density to stick to the surface of a charged 
sphere.  In other words, the tendency for the cationic PLL to attach to the anionic saponin-








Figure 3.4. (A) ζ-Potential, (B) mean particle diameter (d32) and (C) visual appearances of 
1st, 2nd, and 3rd layers systems with respective Ionic Strength (0- 350mM) NaCl 
interactions. 
 
 The particle size measurements and visual observations of the emulsions indicated 




lipid droplets (Figs. 3.4b and 3.4c).  For the primary emulsions, there was only a slight 
increase in mean particle diameter with increasing salt concentration, indicating that some 
aggregation of the lipid droplets had occurred. On the other hand, the visual observations of 
these emulsions indicated that extensive creaming occurred at the higher salt levels (300 
and 350 mM), even though there was not a correspondingly large increase in particle size.  
The most likely reason for this result is that the lipid droplets were only held together by 
relatively weak attractive forces, and so the flocs were disrupted when they were diluted 
and stirred for the light scattering measurements. Previous studies with lipid droplets 
coated by quillaja saponins have also reported that they have relatively good salt-stability, 
which was attributed to a strong initial surface potential and some steric stabilization by the 
polar surfactant moieties 154.   
 
For the secondary emulsions, the measured particle size was relatively large in the 
presence of low levels of salt (50-150 mM) but relatively small at higher levels.  Conversely, 
visual observations of the secondary emulsions indicated that they were susceptible to 
creaming from 50 to 350 mM NaCl, suggesting they were flocculated at all salt levels.  The 
most likely origin of this phenomenon is the change in electrostatic interactions with ionic 
strength.  At low salt levels, the electrostatic repulsion between the droplets is weakened, 
which would allow them to approach more closely to each other.  Moreover, the 
electrostatic attraction between the PLL and saponin molecules at the droplet surfaces 
would be weakened.  As a result, a PLL molecule may partially detach from one droplet and 
partially attach to another droplet, thereby causing bridging flocculation to occur.  At higher 
salt levels, the electrostatic attraction between the PLL and saponin molecules was very 




consistent with the charge reversal observed in the surface potential measurements.  Even 
so, some of the PLL molecules may still have been weakly attached to the droplet surfaces 
due to weak electrostatic attraction between them and the saponin molecules.  As a result, 
the droplets in the undiluted emulsions were weakly flocculated, leading to the observed 
creaming instability.  However, these weak flocs were easily disrupted when the emulsions 
were diluted for the laser diffraction measurements, thereby leading to the decrease in 
particle size observed at higher salt levels. 
 
In the tertiary emulsions, there was a steady increase in mean particle diameter with 
increasing salt concentration and evidence of extensive creaming at the higher salt levels.  
Thus, neither of the multilayer emulsions appeared to have good resistance to salt addition.  
As mentioned above, this may have been because the attractive forces between the outer 
polypeptide layer and the oppositely charged layer below may have been weakened by high 
salt levels.  As a result, the polypeptide molecules could become attached to a number of 
different droplets, leading to bridging flocculation.  Alternatively, the counter-ions from the 
salt may have weakened the electrostatic repulsion between the lipid droplets, leading to 













Figure 3.5. Confocal Microscopy of primary, secondary and tertiary layer with/without 
NaCl (100mM) interactions. 
 
Analysis of the microstructure of selected emulsions (0 or 100 mM NaCl) supported 
the particle size and creaming stability measurements (Fig. 3.5).  For the primary 
emulsions, only a small fraction of the droplets had aggregated at the higher salt levels.  
Conversely, in the secondary emulsions, all of the droplets had aggregated and formed large 
dense particles.  In the tertiary emulsions, a fraction of the lipid droplets appeared to be 






Figure 3.6. (A) ζ-Potential, (B) mean particle diameter (d32) and (C) appearance of 1st, 2nd, 
and 3rd layers systems “Before vs After” Thermal-Heating exposure. 
 
 The thermal stability of the emulsions (pH 4.0) was also measured by heating them 
to different temperatures (30-90 °C) for 30 minutes, cooling them to ambient temperature, 
and then measuring their particle characteristics (Fig. 3.6a-b).  There was little change in 
the ζ-potential, size, or creaming stability of the particles in any of the emulsions, with the 
exception of the tertiary emulsion, in which there was an appreciable decrease in particle 




higher temperatures, possibly due to a weakening of the hydrogen bonding between the 
polypeptide chains. The particle size measurements were supported by visual observations 
of each emulsion (Fig. 3.6c). Overall, these results indicate that the multilayer emulsions 
were relatively stable to heating, which may be important for some commercial 
applications. 
 
 3.8:  Conclusions 
 Our original hypothesis was that the formation of polypeptide multilayers around 
lipid droplets would improve their stability to alterations in environmental conditions, such 
as pH, ionic strength, or temperature.  Initially, we demonstrated that primary, secondary, 
and tertiary emulsions could be produced from anionic quillaja saponin, cationic poly-l-
lysine (PLL), and anionic polyglutamic acid (PGA) using sequential electrostatic deposition.  
The lipid droplets coated by polypeptide multilayers, however, were less stable to pH, salt, 
and thermal processing than those simply coated by saponin monolayers.  As the multilayer 
emulsions are more expensive to formulate and require more complicated processing 
operations, there would seem to be little advantage in using the layer-by-layer electrostatic 
deposition method with these polypeptides to improve the physical stability of the 
emulsions.  Interestingly, however, the PLL layer on the secondary emulsions remained 
attached to the droplet surfaces at low salt levels but became detached at higher salt levels.  
This phenomenon may be utilized for certain specialized applications, e.g., if it is an 
advantage to have cationic droplets within a food product but anionic ones inside the 
human body.  In future studies, we intend to examine the impact of the polypeptide 
multilayers on the oxidative stability and digestibility of encapsulated lipids to determine 




CHAPTER 4. ENHANCING EMULSION FUNCTIONALITY USING 
MULTILAYER TECHNOLOGY: COATING LIPID DROPLETS WITH 
SAPONIN-POLYPEPTIDE-POLYSACCHARIDE LAYERS BY 
ELECTROSTATIC DEPOSITION. 
Table of Content: 
 
4.1. Introduction 
 There has been great interest in improving or extending the functional properties of 
emulsions by coating the lipid droplets with coatings consisting of numerous layers of 
different biopolymers 13, 23, 48, 137. The stability and functionality of these multilayer 




biopolymer molecules within the coatings. 13, 21. Coating oil droplets using the layer-by-layer 
(LbL) deposition method has been shown to have many potential benefits for food 
applications, including the ability to control or trigger the release of encapsulated 
components, the ability to improve the resistance of emulsions to processing and storage 
conditions (such as pH changes, salt addition, heating, freezing, and dehydration), and the 
ability to modulate the digestibility of lipids within the gastrointestinal tract 3, 156-157. 
Furthermore, multilayer coatings can be designed to retard lipid oxidation in emulsions due 
to their ability to alter both the charge and thickness of the interfacial layer around the oil 
droplets 141, 158. The electrical properties of the first layer of a multilayer emulsion are 
determined by the emulsifier, and they can therefore be controlled by selecting different 
types of emulsifier 78-79. These multilayer coatings can be assembled from food-grade 
charged emulsifiers and biopolymers, like ionic surfactants, phospholipids, proteins, or 
polysaccharides, using a sequential electrostatic deposition method 23, 80, 159-160.  However, 
the selection of the most appropriate combination of coating materials is critical to forming 
a stable system with the desired functional attributes 77.  
 
 In this study, we used an anionic plant-based food-grade surfactant, quillaja saponin 
(QS), to form the first layer around the lipid droplets. A cationic polypeptide, epsilon-poly-L-
lysine (PLL), was then used to form the second layer because it has a strong positive charge 
across a wide pH range, since the amino groups have pKa values around 10 92, 118, 120, 125. The 
ability of cationic PLL to coat anionic saponin-coated lipid droplets was recently 
demonstrated in our earlier study 161.  The resulting 2-layer emulsions contained cationic 
droplets, but they were highly unstable to aggregation when exposed to environmental 




Na+ or Cl-, can bind to oppositely charged groups on the surfactants or polymers, thereby 
weakening the molecular interactions holding the multilayers together. For this reason, we 
examined the possibility of improving the functional performance of these 2-layer 
emulsions by further coating the droplets with an anionic polysaccharide using the 
saturation method 161.  In this method, just enough polysaccharide is included in the 
aqueous phase to completely cover all of the droplet surfaces, thereby leaving little free 
polysaccharide in the system.  The presence of any free polysaccharide could interfere with 
the formation of any subsequent layers or promote depletion flocculation.  We examined 
the potential of two different anionic polysaccharides, pectin (PE) and κ-carrageenan (KC), 
to form the outer layer around the lipid droplets.   
 Pectin is a branched polysaccharide with a linear backbone containing many 
ionizable carboxylic acid groups (pKa ≈ 3.5), as well as numerous “hairy regions” consisting 
neutral side chains extending from the backbone 45, 162. κ-carrageenan is a linear 
polysaccharide with many sulfate groups (pKa ≈ 2.0) providing a strong negative charge 
across a broad range of pH values 47-48, 163. We hypothesized that the ability of these two 
polysaccharides to form and stabilize multilayer emulsions would be different based on the 
distinct differences in their molecular characteristics.  This knowledge could then be used to 
select the most appropriate polysaccharide to use in food applications where products are 
often exposed to alterations in pH, ionic strength, or temperature during their manufacture, 
storage or utilization. 






4.1 Materials and Methods 
Materials 
A medium chain triglyceride oil (Miglyol 812 N) was purchased from IOI Oleo GmbH 
(Witten, Germany). Quillaja saponin (Q-NaturaleTM 200) was provided by National Starch 
LLC (Bridgewater, N.J.). The cationic polypeptide epsilon-poly-L-lysine (MW = 2.5 to 3.8 
kDa) (CAS No. 73548-20-60) was purchased from Wilshire Technologies Inc. (Princeton, NJ, 
USA). The anionic polysaccharides (dietary fibers) were purchased from the Sigma 
Chemical Company (St. Louis, MO): pectin (from citrus peel) and κ-carrageenan (sulfated 
plant polysaccharide). All other chemicals were of analytical grade. Double distilled water 
obtained from a commercial water purification system (NANOpure Infinity, Barnstead 
International, Dubuque, IA) was used for the preparation of all solutions and emulsions. 
 
Solution Preparation 
 All solutions were prepared at ambient temperature, unless stated otherwise.  The 
aqueous emulsifier solutions were prepared by dispersing quillaja saponin (0.5-3.0% w/w) 
in distilled water adjusted to pH 4.0 and stirring for at least 1 hour.  An aqueous PLL 
solution was prepared by dispersing 0.1% w/v of powdered epsilon-poly-L-lysine into 
double distilled water and then stirring continuously for at least 2 h. An aqueous pectin 
solution was prepared by dispersing 0.4% w/v of powdered pectin into distilled water and 
stirring for at least 2 h. Aqueous κ-carrageenan solutions were prepared by dispersing 
0.3%, w/v of powdered carrageenan into distilled water and then boiling at 70°C for 20 min, 
cooling to ambient temperature, and then stirring for at least another 1 h. Finally, all of the 




Emulsion droplet type  
 
Equipment used  Parameters  
Large  Hand-held blender  
(M133/1281-0, Biospec 
Products, Inc., ESGC, 
Switzerland)  
 
Low speed setting  
processed for 2 min  
Medium  Ultrasonicator  





Frequency = 20 kHz 
amplitude = 20 %, duty 
cycle = 1 s  
processed for 2 min  
Small  Air-driven 
microfluidizer  
(M110L, Microfluidics, 
Newton, MA)  
 
Air pressure= 4 kpsi  
1 pass  
Very small  Air-driven 
microfluidizer  
(M110L, Microfluidics, 
Newton, MA)  
 
Air pressure= 12 kpsi  





Table #4.1. Different emulsion sizes, and their respective preparation 16, 24, 164. 
 
Emulsion Preparation 
 Emulsions were prepared using the same method described in our previous article 
161, and so only a brief description is given here with any modifications described. 
 Primary Emulsions: Oil-in-water emulsions were prepared by homogenizing 10 wt% 
oil phase with 90 wt% aqueous emulsifier solution (pH 4.0). The oil and water phases were 
blended together using a high-shear mixer and then passed through a high-pressure 
microfluidizer (12,000 psi, 3 passes) to form small anionic saponin-coated lipid droplets.  At 
the end of this process, the primary emulsions were adjusted back to pH 4.0, if required.  
Initially, a range of saponin concentrations (0.5-3.0% w/v) was used to establish the 
optimum emulsifier concentration to formulate the primary emulsions. The optimum 
saponin concentration (0.1% w/v) for further studies was then selected based on the ζ-
potential and particle size data: this concentration gave small highly charged droplets at a 
relatively low emulsifier concentration.    
 Secondary Emulsions: Secondary emulsions were prepared by adding a fixed volume 
(2 mL) of primary emulsion (pH 4.0) into a fixed volume of (8 mL) of PLL solution (pH 4.0) 
with constant mixing.  A series of PLL solutions with different polypeptide concentrations 
(0-0.025 %, w/v) were used in this experiment to establish the surface saturation 
concentration of the PLL.  The final solutions therefore contained 2 w/v% oil droplets and 0 
to 0.02 w/v% PLL.  The secondary emulsions were then stored for 24 h to allow PLL to bind 




 Tertiary emulsions: Tertiary emulsions were formed by adding 5 mL of secondary 
emulsion (pH 4.0) to 5 mL of aqueous polysaccharide solution (pH 4.0) and then mixing. 
The polysaccharide solutions contained a range of pectin (0 to 0.2%) or -carrageenan 
concentrations (0 to 0.15%) so that the surface saturation concentrations of the 
polysaccharides could be established.  The final systems contained 1 w/v% oil droplets and 
0 to 0.075 w/v% (KC) or 0 to 0.080 w/v% (PE) polysaccharide.  The tertiary emulsions 
were then incubated at ambient temperature for 24 h to allow them to come to steady state. 
 
Environmental stress tests 
 Initially, the primary, secondary, and tertiary emulsions were diluted with pH-
adjusted distilled water or salt solution (pH 4.0), so that they had the same final oil droplet 
concentration (1.0 w/v%). The influence of pH, salt addition, and heating on the stability of 
the emulsions was then examined using the same conditions described previously 161. In 
summary, the emulsions were exposed to different pH values (2-9), salt concentrations (0-
350 mM NaCl), and heating conditions (90oC, 30 min). After each treatment, the emulsions 
were stored for 24 h at ambient temperature before being analyzed. 
 
Surface Potential and Particle Size Measurements 
 Microelectrophoresis and light scattering were used to determine the surface 
potential and particle size of the lipid droplets in the emulsions as described previously 161. 
The ζ-potential was measured by electrophoresis (Zetasizer Nano-ZS, Malvern Instruments, 
Malvern, Worcestershire, UK) while the mean particle diameter was measured by laser 




distilled water or salt solution (adjusted to the required pH) prior to analysis to ensure 
optimized light scattering conditions for reliable measurements. In the salt-addition 
experiments, the emulsions were diluted with salt solutions (pH 4.0) with the same ionic 
strength as for the -potential measurements, but with distilled water (pH 4.0) for the 
particle size measurements (because of the large volume of water required).  All 
measurements were conducted on at least two freshly prepared samples and repeated 
three times per sample.  
 
Microstructural analysis 
 Confocal scanning fluorescence laser microscopy was used to characterize the 
structural organization of the lipid droplets within the emulsions (Nikon D-Eclipse C1 80i, 
Nikon, Melville, NY, US). Prior to analysis, a fixed volume (200 μL) of emulsion was mixed 
with a fixed volume (10 μL) of Nile Red solution (1 mg/mL ethanol) to dye the oil droplets. 
An appropriate emission wavelength (543 nm) and excitation wavelength (605 nm) was 
used to detect the Nile Red.  
 
Statistical analysis 
 All data were collected from at least three separate experiments with three 
measurements per sample. The results were then combined, and the mean and standard 






LM Pectin is a branched polysaccharide with a linear backbone containing many 
ionizable carboxylic acid groups (pKa ≈ 3.5), as well as numerous “hairy regions” 
consisting neutral side chains extending from the backbone. Pectin is not digested by 
gastric or small intestinal enzymes but is easily degraded by pectinases produced by the 
colonic microflora. LM pectin is more tolerant of pH variations and calcium levels, 
which could make it more suitable for colonic delivery systems formation. The charge 
characteristic of pectin can be selected to control lipid digestion and bioactive release, 
e.g., decreasing DE reduced lipid digestion and bioactive bioavailability. 
 
 
4.3.1 Pectin molecular and physicochemical characteristics 
Chemical structure  
Pectin linear (fig 4.1a.) backbone is mainly comprised of α(1-4)-d-galacturonic acid 
residues that may be partly esterified with methyl groups. 
 





Polymer (Pectin) properties 
Pectin is a well-known food additive which is mainly used for its gelling and 
stabilizing abilities. It is extracted from the plant cell wall, especially citrus peels, apple 
pomace and sugar beet pulps45. Pectin is a branched polysaccharide with a linear backbone 
containing many ionizable carboxylic acid groups (pKa ≈ 3.5) (isoelectric point around 3.5), 
as well as numerous “hairy regions” consisting neutral side chains extending from the 
backbone45. Isolated pectin can have a molecular weight typically of 60,000–130,000 g/mol, 
varying with origin and extraction conditions. 
 
4.4 κ-carrageenan 
In general Carrageenan’s are natural anionic compounds that are normally 
extracted from red seaweeds 46. However, κ-carrageenan is one of the most common forms 
of carrageenan’s used in foods, and it is characterized by having D-galactose-4-sulphate, 3,6-
anhydro-D-galactose-2-sulphate as a building block, and has a double-helix conformation46, 
48. The popularity of this ingredient in the food industry is due to the ability of its linear 








4.4.1 κ-carrageenan molecular and physicochemical characteristics 





                   
 
 
Fig 4.1b. κ-carrageenan Chemical Structure 
 
κ-carrageenan have a linear chain of D-galactopyranosyl units joined with 
alternating (1 → 3)-a-D- and (1 → 4)-b-D-glycosidic linkages, with most sugar units having 
one or two sulphate half-ester groups 165. These sulphate groups are responsible for the 
negative charge of the polymer, as they are always ionized at the pH values present in foods. 
There are three major types of carrageenan, kappa (k), iota (i), and lambda (l)-carrageenans 
47, 163. Interestingly, k-carrageenan which has fewer sulfate bonds but is more commonly 
used in production 166. Because, of the fewer ester sulfates Kappa can forms strong and rigid 
gels soluble in hot water. For this reason, we decided to incorporate k-carrageenan (KC) in 




matrices based on its ability to form gel under specific conditions and thereby, for also 
being a vegan friendly alternative to replace gelatin for conventional food systems. 
 
Polymer (κ-carrageenan) properties 
κ-carrageenan is a linear polysaccharide with many sulfate groups (pKa ≈ 2.0) 
providing a strong negative charge across a broad range of pH values 47-48, 163. However, it 
can be also found that κ-carrageenan isoelectric pH is around 4.40 in the literature 167. κ-
carrageenan molecular weight ranges from an average of 788.7 g/mol 
 
4.4 Optimization of primary emulsion formation 
  
 
Figure 4.2. Impact of quillaja saponin (Q-Naturale) concentration (%, w/v) on a 10 % fat 





effects on (A) ζ- Potential (B) particle diameter d32. Significant difference was designated 
with different capital letters (A, B, C). 
 
 Initially, the optimum concentration of quillaja saponin required to form the 
primary emulsions was established using ζ-potential and particle size measurements. 
Ideally, the emulsifier concentration should be high enough to create small oil droplets 
during homogenization but not so high that there is a high concentration of free emulsifier 
in the aqueous phase 161, 168.  If there is too much free emulsifier, then it will interfere with 
the formation of the next layer by forming electrostatic complexes. The change in the 
surface potential of the lipid droplets with increasing saponin concentration was measured 
by microelectrophoresis (Fig. 4.2a). The magnitude of the -potential remained relatively 
high and constant for all saponin concentrations applied, suggesting that the droplet 
surfaces were always completely covered by the surfactant.  Nevertheless, there was a 
noticeable decrease in lipid droplet size with increasing saponin concentration (Fig. 4.2b), 
which can be attributed to the fact that a greater surface area of oil can be covered at higher 
surfactant concentrations.  Based on these experiments, a saponin concentration of 1.0% 
w/v was selected to formulate the primary emulsions as it generated droplets with a high 
negative charge (-41.6 mV) and low particle diameter (0.24 m), without having to use a 









Quillaja Saponin (QS) 
Concentration (%): 
Mean Particle Diameter 
(nm): 
ζ- Potential (mV): 
0.5 416 +  -32.88 + 0.33 
1.0 240 +  -40.7 + 0.20 
1.5 182 + -36.16 + 0.15 
2.0 105 + -37.83 + 0.11 
2.5 102 + -38.32 + 0.19 
3.0 83.9 + -37.93 + 0.08 
 
Table #4.2. Mean Particle Diameter (nm) and ζ- Potential (mV), dependent of Quillaja 
saponin (QS) concentrations (homogenization by dual-channel for 3 passes at 12,000 psi). 
 
4.5 Optimization of secondary emulsion formation 
    In our previous study, we found that lipid droplets coated with saponin-PLL layers could 
be formed at pH 4 161. In this series of experiments, our aim was to establish the PLL 
concentration required to saturate the surfaces of the saponin-coated droplets, without 
having a high level of free PLL in the surrounding aqueous phase 3, 13, 169. Any excess cationic 
PLL might bind to the anionic polysaccharides used to form the tertiary emulsions, thereby 







Figure 4.3. Impact of second layer formation with PLL on (A) ζ-Potential and (B) particle 
diameter (d32) on MCT O/W emulsions containing lipid droplets coated with quillaja 
saponin (pH 4.0). 
  
 
    As the PLL concentration was increased, the -potential on the lipid droplets went from 
highly negative (-42 mV) to highly positive (+35 mV), which is consistent with the 
adsorption of the cationic polypeptides onto the surfaces of the anionic saponin-coated 
droplets (Figure 4.3a).  The -potential reached a relatively constant positive value when 
the PLL concentration exceeded about 0.01%, which suggests that saturation occurred 
somewhere around this value.  A more quantitative analysis was carried out by fitting the 










)    (1) 
 Here, (c), (0), and () are the -potential measurements at a biopolymer 
concentration of c, in the absence of biopolymer (c = 0), and at saturation (c = cSat), 
respectively. The cSat value that gave the best fit between the experimental measurements 
and the theoretical predictions was 0.0062 w/v% (Figure 4.3a). This value corresponds to 
a surface load () of around 0.10 mg m-2, assuming a disperse phase volume fraction of 0.02 
(2% oil droplets) and a particle diameter (d32) of 0.20 m.   
 The impact of the PLL concentration on the size of the particles in the secondary 
emulsions was also measured (Figure 4.3b).  Ideally, we aimed to form secondary 
emulsions containing small non-aggregated lipid droplets.  Initially, the saponin-coated lipid 
droplets had a relatively small size (d32 = 0.20 m), because the saponin molecules adsorb 
rapidly to the droplet surfaces during homogenization and stabilize them against 
aggregation.  When small amounts of the PLL were added, the droplet size remained small, 
presumably because there was still a high enough negative charge to inhibit droplet 
flocculation.  However, there was a large increase in droplet size at intermediate PLL 
concentrations, which is attributed to charge neutralization and bridging flocculation.  At 
sufficiently high PLL concentrations, the droplet size decreased again, because the lipid 
droplets were completely covered by biopolymer and had a strong net positive charge.  As a 
result, there was a strong electrostatic and steric repulsion between the droplets, which 
inhibited their aggregation.  
 The overall appearance of the secondary emulsions after storage was consistent 
with the particle size measurements.  The emulsions were stable to creaming at low and 




is attributed to droplet aggregation, which increases the effective particle size, thereby 
increasing the magnitude of the gravitational forces acting upon the lipid droplets. 
Importantly, based on these results, a PLL concentration of 0.01 w/v% was used to form the 
secondary emulsions in the subsequent experiments.  These droplets had a high positive 
charge (around +40 mV) and a small diameter (around 0.4 m).    
 
 
4.6 Optimization of tertiary emulsion formation 
 Tertiary emulsions were formed by electrostatic deposition of anionic pectin or -
carrageenan onto the surfaces of the cationic PLL-saponin-coated lipid droplets (pH 4.0). 
Similar trends were observed for both polysaccharides (Figure 4.4).  The -potential on the 
lipid droplets went from highly positive to highly negative as the polysaccharide 
concentration in both tertiary emulsions was increased (Figure 4.4a), indicating that the 
anionic polysaccharide molecules had adsorbed to the surfaces of the cationic lipid droplets. 
For both systems, the surfaces of the lipid droplets became saturated around 0.03% w/v 
polysaccharide.  At saturation, the -potential was more strongly negative for the lipid 
droplets coated by -carrageenan (-48 mV) than by pectin (-41 mV), which is attributed to 






Figure 4.4. Impact of anionic outer layer formation with Polysaccharides % (w/w) (pectin 
and/or κ-carrageenan) on (A) ζ-Potential (B) mean particle diameter (d32) and (C) 






 The dependence of the particle size on polysaccharide concentration was also 
similar for both pectin and -carrageenan (Figure 4.4b).  Extensive droplet aggregation 
was observed at intermediate polysaccharide concentrations, where the net charge was 
close to zero, which is attributed to charge neutralization and bridging effects.  At 
sufficiently high concentrations, however, relatively small-coated lipid droplets were 
formed for both polysaccharides (d32 = 0.47 m).  The overall appearance of the tertiary 
emulsions also indicated that they tended to undergo rapid creaming at intermediate 
polysaccharide concentrations (Figure 4.4c), which is consistent with an increase in 
particle size due to droplet aggregation.  Conversely, tertiary emulsions that appeared fairly 
homogeneous were formed at sufficiently high polysaccharide concentrations, suggesting 







Figure 4.5. Surface ζ- Potential (- mV) Load Calculations from (A) pectin and (B) κ-
carrageenan electrostatic depositions over PLL-quillaja saponin secondary emulsions 
surface droplets. 
 
The surface load of the polysaccharides used to form the outer layers of the tertiary 
emulsions was calculated using the same model discussed earlier (Figure 4.5). For pectin, 
the cSat value that gave the best fit between the experimental measurements and the 
theoretical predictions was 0.00330 w/v% (Figure 4.5a), which corresponds to a surface 
load of around 1.1 mg m-2. For κ-carrageenan, the cSat value that gave the best fit between 
the experimental measurements and theoretical predictions was 0.0027 w/v% (Figure 
4.5b), which corresponds to a surface load of around 0.90 mg m-2.  For both calculations, it 
was assumed that the disperse phase volume fraction was 0.02 (2% oil droplets) and the 
mean droplet diameter (d32) was 0.40 m (the measured size of the droplets in the 




droplets can by successfully nano-laminated using food-grade ingredients, such as saponins, 
polypeptides, and polysaccharides.  
 
4.7 Impact of Environmental Conditions on Multilayers’ Stability 
In these experiments, the resistance of the primary, secondary, and tertiary 
emulsions to changes in pH, salt addition, and heating was determined. All the emulsions 
were diluted to the same final oil level (1.0% w/v) so they could be compared at a similar 
droplet concentration. The particle size, charge, and microstructure of each emulsion was 
then analyzed after being subjected to these environmental stresses.   
 
pH-stability 
 Primary emulsions: For the primary emulsions, the ζ-potential was strongly negative 
from pH 9 to 4 but was close to zero from pH 3 to 2 (Figure 4.5a).  This effect is attributed 
to progressive protonation of the carboxylic acid groups on the adsorbed quillaja saponin 
molecules when the pH was reduced below their pKa value, which would be expected to be 
around pH 3.5 154. The mean particle diameter of the primary emulsions was relatively low 
from pH 9 to 3 but increased appreciably at pH 2 (Figure 4.5b).  Moreover, these emulsions 
were relatively stable to creaming from pH 9 to 3 but exhibited extensive creaming at pH 2 
(Figure 4.5c).  The instability of the emulsions to creaming at the lowest pH is attributed to 
a reduction in the electrostatic repulsion between the saponin-coated droplets, which 
should promote droplet aggregation.  Droplet aggregation and creaming were also expected 
to occur at pH 3 because the ζ-potential was also relatively low under these conditions.  This 




emulsions at pH 2.  For instance, the ester bond holding the hydrophilic sugar groups to the 
non-polar regions of the saponin molecules could have been hydrolyzed under acidic 









Figure 4.6. pH (2.00-9.00) influence on (A) ζ-Potential, (B) mean particle diameter (d32) 
and (C) appearance of primary, secondary and both tertiary layers systems, respectively. 
 
Secondary Emulsions: The lipid droplets in the secondary emulsions exhibited very 
different behavior to those in the primary emulsions when the pH was changed.  The ζ-
potential of the lipid droplets was strongly positive at pH 4 and 5 but decreased in 
magnitude as the pH was either lowered or raised.  The decrease observed upon lowering 
the pH is ascribed to the saponin-coated lipid droplets losing their negative charge and so 
the cationic PLL molecules no longer adsorbed to the droplet surfaces.  Conversely, the 
decrease observed upon increasing the pH is caused by amino groups on the PLL molecules 
becoming partly deprotonated above their pKa values and therefore losing their positive 
charge.  
Moreover, the secondary emulsions appeared to be stable to aggregation and 
creaming from pH 9 to 3 but aggregated appreciably at pH 2. The aggregation observed 
under the most acidic conditions is attributed to the fact that the PLL molecules had 
desorbed from the surfaces of the saponin-coated lipid droplets.  As a result, they behaved 
in a similar manner as those in the primary emulsions. The aggregation stability of the lipid 
droplets in the secondary emulsions at all higher pH values, even though they had very 
different surface potentials, is probably because the saponin-PLL layer generated a strong 
steric repulsion between the droplets.  
Tertiary Emulsions: The electrical characteristics of the droplets in both tertiary 




from pH 9 to 4, but a relatively low one from pH 3 to 2 (Figure 4.6a).  The anionic nature of 
the droplets at higher pH values are attributed to the outer layer of negatively charged 
polysaccharide molecules. The reduction in the magnitude of the ζ-potential at lower pH 
values may have been because the adsorbed polysaccharides lost some of their negative 
charge and/or because they fully or partially desorbed from the lipid droplet surfaces. The 
anionic groups on the pectin molecules (carboxyl, pKa = 3.5) would be expected to become 
protonated at a higher pH than those on the carrageenan molecules (sulfate, pKa = 2.0).  
However, the charge on the droplets was similar in both tertiary emulsions, suggesting that 
this effect was not particularly important. Therefore, it seems likely, that the multilayers 
were fully or partially dissociated from the droplet surfaces under highly acidic conditions. 
 
 Despite the similarities in their ζ-pH characteristics, there were appreciable 
differences in the dependence of the particle size and creaming of the two tertiary 
emulsions on pH (Figure 4.6b).  Both emulsions were relatively stable to droplet 
aggregation at high pH values, which is attributed to the strong electrostatic and steric 
repulsion between the 3-layer coated droplets.  The emulsion with an outer carrageenan 
layer only aggregated and creamed at pH 2, whereas those with a pectin outer layer 
aggregated and creamed from pH 2 to 4, indicating that they were less stable under acidic 
conditions.  This may have been because the pectin was attached to the lipid droplets less 
strongly than the carrageenan, and so promoted some bridging flocculation, i.e., sharing of 






In these experiments, the impact of salt addition on the stability of the lipid droplets 
in the primary, secondary, and tertiary emulsions was assessed (Fig. 4.7). Our hypothesis 
was that the presence of the mineral ions would screen any electrostatic interactions in the 
system.  These interactions may have been between the various charged surfactants and 
biopolymers in the multilayer coatings, as well as between the different lipid droplets. The 
ionic strength of the aqueous solution surrounding the lipid droplets was increased by 






Figure 4.7. (A) ζ-Potential, (B) mean particle diameter (d32) and (C) appearance of primary, 
secondary and both tertiary layers systems with respective Ionic Strength (0- 350mM) 
Sodium Chloride interactions. 
 
 Primary emulsions: The saponin-coated lipid droplets in the primary emulsions 
remained negatively charged at all salt concentrations tested (Figure 4.7a.). However, the 
magnitude of the ζ-potential diminished as the ionic strength was raised due to 
accumulation of cationic counter-ions (Na+) around the anionic groups on the lipid droplet 
surfaces 16. The size of the particles in the primary emulsions increased slightly as the salt 
concentration was increased (Figure 4.7b), which is indicative of droplet aggregation 
promoted by a reduction in the electrostatic repulsion between the lipid droplets.  The 
primary emulsions were relatively stable to creaming up to 200 mM NaCl, but then 
underwent rapid creaming at higher salt levels (Figure 4.7c).  This suggests that the 
droplets may have formed large flocs that creamed rapidly, but that were broken down 
when the emulsions were diluted for the light scattering experiments. 
 Secondary emulsions: The -potential of the secondary emulsions went from highly 
positive in the absence of salt to slightly negative in the presence of any level of added salt, 
i.e., 50-350 NaCl (Figure 4.7a).  The charge on the secondary emulsions at these high salt 
levels was similar to the corresponding primary emulsions.  These results suggest that the 
presence of even low levels of salt were enough to cause the cationic PLL molecules to be 
displaced from the surfaces of the saponin-coated lipid droplets.  In the presence of any 




(Figures 4.7b and 4.7c).  The primary emulsions were relatively stable to creaming from 
50 to 200 mM NaCl, whereas the secondary emulsions were highly unstable.  This suggests 
that the PLL molecules may have been weakly attached to the saponin-coated droplets in 
the secondary emulsions and promoted bridging flocculation.  Similar results were obtained 
in our previous study with a related system 161. 
 
 Tertiary emulsions: There was a progressive decrease in the magnitude of the 
negative -potential on both tertiary emulsions as the salt concentration was increased 
(Figure 4.7a), which is attributed to electrostatic screening effects.  In addition, there may 
have been some desorption of the polysaccharides (and possibly polypeptides) from the 
lipid droplet surfaces due to the weakening of the electrostatic attraction between the 
cationic polypeptide and anionic polysaccharide layers.  In general, the magnitude of the -
potential was higher in the tertiary emulsions containing carrageenan than in the ones 
containing pectin, which may have been due to the higher charge density of the carrageenan 
molecules.  There were some differences in the impact of salt on the stability of the two 
tertiary emulsions.   
 
In summary, both emulsions were relatively stable to droplet aggregation and creaming at 
relatively low salt levels (0 to 100 mM), but exhibited extensive creaming at higher salt 
levels (Figures 4.7b and 4.7c).  This was surprising because there appeared to be a 
decrease in the mean particle diameter in the tertiary emulsions containing pectin at high 
salt levels (Figure 4.7b).  This effect may have been because the pectin layer, and possibly 




weakening of the electrostatic attraction between the biopolymer molecules in the 
multilayer coatings.  As a result, there was a decrease in particle size, but the droplets were 





















Figure 4.8. Confocal Microscopy images of primary, secondary and both tertiary layers 
systems with (0 mM and/or 150 mM) sodium chloride interactions. 
 
 Confocal microscopy images of the emulsions in the presence of 0 and 150 mM NaCl 
were also acquired to examine the impact of the interfacial layers on the aggregation 
stability of the lipid droplets (Figure 4.8).  These images showed that the primary emulsion 
was relatively stable to droplet aggregation at this salt level, whereas all of the multilayer 
emulsions were highly unstable.  Overall, these results show that the aggregation and 






Figure 4.9. “Before vs After” Thermal-Heating exposure effects on (A) ζ-Potential, (B) mean 




systems, respectively. The symbol (*) was used to designate significant difference “Before vs 
After” treatment. 
 
 The thermal stability of the emulsions was determined by measuring their charge, 
size, and appearance before and after heating at 90 °C for 30 minutes, and then cooling back 
to ambient temperature (Figure 4.9). These heating conditions were selected to represent 
thermal conditions that may be used in some food processing operations. In general, it is 
important to study the precise thermal conditions that a specific food or beverage product 
experiences, such as pasteurization (e.g., 63°C for 30 minutes or 72 °C for 15 seconds)171. 
The thermal processing conditions used in our study were more severe than typical 
pasteurization conditions and therefore if the samples were stable to these conditions, then 
they should also be stable to commercial pasteurization.  There was little change in the ζ-
potential, mean particle diameter, or appearance of the emulsions after the thermal 
treatment, which suggested that they all had good heat stability.  This phenomenon is 
attributed to the relatively strong steric and electrostatic repulsion between the droplets 
under these conditions, i.e., pH 4 and no added salt. 
 
4.7 Conclusions 
 In this study, we showed that multilayer emulsions could be formed by sequential 
adsorption of anionic emulsifier, cationic polypeptide, and anionic polysaccharide layers 
onto the surfaces of lipid droplets.  Our original hypothesis was, that the multilayer 
emulsions would have better resistance to environmental stresses than the single-layer 




the lipid droplets. In practice, we found that lipid droplets coated by only quillaja saponin 
had the best resistance to pH changes and salt addition. This effect was mainly attributed to 
the fact that acidification or salt addition weakened the electrostatic attraction between the 
cationic polylysine molecules and the underlying anionic saponin-coated droplets, which 
promoted droplet flocculation through charge neutralization and bridging flocculation.  The 
presence of an outer polysaccharide layer in the tertiary emulsions improved their stability 
compared to the secondary emulsions, but they were still not as stable as the primary 
emulsions.  All the emulsions were relatively stable to thermal processing. Overall, our 
results provide useful insights into the formulation of stable multilayer emulsions from 
food-grade emulsifiers and biopolymers. There appears to be little advantage to using the 
multilayer technology to enhance the physical stability of saponin-coated lipid droplets, but 
there may be advantages in terms of extending their functional properties, which are fully 
recommended to be explored in future studies. 
 
 In summary, our results suggest that multilayer emulsions can be formed from the 
cationic polypeptide and two anionic polysaccharides used in this study, but that they offer 
little advantage over single-layer emulsions in terms of their resistance to environmental 
stresses.  In future studies, we intend to determine whether forming these multilayer 
coatings may have advantages in terms of other functional attributes, such as their ability to 





CHAPTER 5. DEGRADATION OF Β-CAROTENE IN OIL-IN-WATER 
NANOEMULSIONS: IMPACT OF NANOLAMINATING DROPLETS WITH 
SAPONINS, POLYPEPTIDES AND POLYSACCHARIDES 
 






      The kinetics of β-carotene degradation in oil-in-water nanoemulsions was measured. 
Primary emulsions were formed containing anionic quillaja saponin-coated MCT oil 
droplets loaded with β-carotene.  Secondary emulsions were then formed by depositing 
cationic polypeptide poly-l-lysine (PLL) onto these anionic droplets.  Tertiary emulsions 
were then formed by depositing anionic poly-glutamic acid (PGA), pectin (PE) or κ-
carrageenan (KC) onto these cationic droplets.  All the multilayer emulsions were prepared 
at pH 4.0 to ensure the biopolymers had opposite charges. The kinetics of β-carotene 
degradation in the different emulsions were then measured when they were incubated at 
55°C.  In addition, changes in the particle size and ζ-potential of the emulsions were 
measured using light scattering methods. The chemical stability of the encapsulated 
carotenoid was highly dependent on the nature the nature of the coating used.  The 
secondary emulsions, which had cationic PLL as an external layer, gave the best protection 
against color fading, with a final yellowness (b*) of 82% after two weeks. Conversely, the 
tertiary emulsions, which had anionic polysaccharides or polypeptides as an external layer, 
gave the worst protection.  For instance, when KC was used as the external layer the final 
yellowness was only 32% after two weeks.  These results show that the stability of 
carotenoids can be improved by controlling the properties of multilayer coatings around oil 
droplets. 






Carotenoids are one of the most commonly studied hydrophobic nutraceuticals in 
the food industry 25, 70, 97, 99, 101, 142, 172-176. Many positive health attributes have been linked to 
their consumption, including preventing or treating chronic health disorders such as cancer, 
cardiovascular disease, and macular degeneration 98, 177-180. In addition, β-carotene exhibits 
strong provitamin A activity, which is important for individuals who lack this oil-soluble 
vitamin 180-182. Most carotenoids have an intense yellow, red, or orange color that increases 
the aesthetic appeal of foods, and so they are also commonly used as natural pigments in the 
food industry.  There are, however, numerous challenges to utilizing carotenoids as pro-
vitamins, nutraceuticals, of pigments in many food products.  They are strongly 
hydrophobic molecules, which means that they typically have to be converted into an 
emulsified form before they can be introduced into aqueous-based foods and beverages.  
They are also highly vulnerable to oxidative degradation, which reduces their color 
intensity and bioactivity. Finally, they typically have a relatively low bioavailability after 
oral ingestion.  Consequently, there is great interest in the creation of emulsified forms of 
carotenoids using food-grade ingredients and processing operations that can improve their 
dispersibility, stability, and bioavailability 176, 181. Nanoemulsions, which contain relatively 
small (d < 200 nm) emulsifier-coated oil droplets dispersed in water, have been shown to be 
particularly suitable for this purpose.  The functionality of nanoemulsions can be controlled 
by optimizing the types of oil and emulsifier used to formulate them.  However, it can be 
further extended by using advanced emulsion technologies, such as forming multilayer 
coatings around the oil droplets.  
In this study, we focused on the utilization of the multilayer coating technology to 




nanoemulsions.  Multilayer nanoemulsions are normally formed through the sequential 
electrostatic deposition of charged biopolymers (proteins or polysaccharides) onto the 
surfaces of oppositely charged oil droplets 51, 54, 81. This process can be repeated a number of 
times to add extra layers to the coating 76, 181. Coating oil droplets with multilayers can lead 
to the creation of food emulsions with improved resistance to environmental stresses like 
pH changes, salt addition, heating, freezing, or dehydration 3. Moreover, multilayer coatings 
can be designed to enhance the chemical stability of encapsulated components, as well as to 
modulate their release within the gastrointestinal tract.  The functional attributes of 
multilayer emulsions can be tuned for specific applications by varying the type, number, 
and sequence of the biopolymers used to coat the oil droplets 150.  
For this reason, we explored the possibility of producing multilayer nanoemulsions 
that could be used to improve the dispersibility and stability of β-carotene. Previously, we 
showed that anionic saponin-coated oil droplets could be coated by a layer of cationic poly-
L-lysine (PLL) to form secondary nanoemulsions19. In addition, we showed that these 
droplets could be further coated with cationic polypeptides such as polyglutamic acid 
(PGA), or with polysaccharides such as pectin (PE) or κ-carrageenan (KC), to form tertiary 
nanoemulsions 19-20. Previous research has shown that the rate of β-carotene degradation 
increases with decreasing pH and increasing temperature97, 99. For this reason, we 
performed accelerated stability studies by incubating the β-carotene-loaded multilayer 
nanoemulsions at pH 4.0 and 55 ºC for 15 days. Therefore, we hypothesized that by 
engineering the surface emulsion membrane with different layer compositions (surfactants, 
polypeptides, linear and branched dietary fibers) we will indeed acquire a broader 





5.2. Materials and Methods 
5.2.1. Materials 
A medium chain triglyceride oil (Miglyol 812 N) was purchased from IOI Oleo GmbH 
(Witten, Germany). Quillaja saponin (Q-NaturaleTM 200) was provided by National Starch 
LLC (Bridgewater, N.J.). The cationic polypeptide epsilon-poly-L-lysine (MW = 2.5 to 3.8 
kDa) (CAS No. 73548-20-60) and anionic poly-glutamic acid (MW ≥ 700 kDa) (CAS No. 
25513-46-6) were purchased from Wilshire Technologies Inc. (Princeton, NJ, USA). β-
carotene (CAS No. 7235-40-7) and anionic polysaccharides were purchased from the Sigma 
Chemical Company (St. Louis, MO): pectin (from citrus peel) and κ-carrageenan (sulfated 
plant polysaccharide).  All other chemicals were of analytical grade. Double distilled water 
obtained from a commercial water purification system (NANOpure Infinity, Barnstead 
International, Dubuque, IA) was used for the preparation of all solutions and emulsions. 
5.2.2. Preparation and characterization of primary nanoemulsions 
Carotenoid-fortified primary nanoemulsions were fabricated and characterized 
according to the methods described previously173, 179, 183-184. Briefly, oil phases were 
prepared by dispersing β-carotene (0.1 wt%) in medium chain triglyceride oil held at 50 ºC, 
followed by sonicating and stirring until total dissolution was observed. Aqueous phases 
were prepared by dispersing quillaja saponin (1.0 wt%) in double distilled water at pH 4.0. 
A saponin concentration of 0.1% w/v was used to prepare the nanoemulsions based on the 
results of our earlier studies, as this concentration gave small highly charged droplets with 
little free emulsifier being present in the surrounding aqueous phase 20.  The oil and water 
phases were combined using a high-speed blender (10,000 rpm, 2 min) and then sonicated 




coarse emulsions were then passed through a microfluidizer (12,000 psi, 3 passes) to 
reduce the droplet size further (M110Y, Microfluidics, Newton, MA). 
 
5.2.3. Preparation of biopolymer coating solutions 
As described previously 20, epsilon-poly-L-lysine (PLL) solutions were prepared by 
dispersing 0.1% w/v of the powdered ingredient in double distilled water and stirring 
continuously for at least 2 h at ambient temperature to ensure dissolution. Similarly, 
polyglutamic acid (PGA) and pectin (PE) solutions (0.3 w/v %) were prepared by dispersing 
the powdered ingredients into double distilled water and stirring for at least 2 h. The κ-
carrageenan (KC) solutions were prepared by dispersing powdered carrageenan (0.3%, 
w/v) in distilled water and then heating at 70°C for 20 min, cooling to room temperature 
and the stirring for 1 h to ensure dissolution. All the solutions were then adjusted to pH 4.0 
using NaOH and/or HCl. 
 
5.2.4. Preparation of secondary and tertiary nanoemulsions 
Both secondary and tertiary emulsion layers were prepared using a method 
described in our previous article 161, and so only a brief description is given here with any 
modifications highlighted. 
Secondary nanoemulsions: The secondary nanoemulsions were prepared by mixing 
2 mL of primary nanoemulsion, 1 mL of PLL (0.1 w/w %) solution, and 7 mL of double 
distilled water, all at pH 4.0. The final secondary nanoemulsions therefore contained 0.01% 
PLL.  This concentration was used because previous experiments showed that it was 




the surrounding aqueous phase (which would interfere with the subsequent formation of 
the tertiary layers) 19-20.  These nanoemulsions were then stored for 24 h to allow them to 
come to steady state. 
Tertiary nanoemulsions: The tertiary nanoemulsions were formed by mixing 5 mL of 
secondary nanoemulsion, 1 mL of anionic biopolymer solution (0.3% w/w PGA, KC, or PE), 
and 4 mL of double distilled water, all at pH 4.0.  The final tertiary nanoemulsions therefore 
had a final anionic biopolymer concentration of 0.03%. These nanoemulsions were then 
incubated at ambient temperature for 24 h to allow them to reach steady state. 
After formation the primary, secondary and tertiary emulsions were all adjusted to 
the same final oil concentration (1.0 % w/w) and pH (4.0). Then, the samples were covered 
with aluminum foil to block light and placed in a 55°C incubator to accelerate carotenoid 
degradation. Samples were then periodically removed and analyzed throughout the 15 day 
storage period. 
 
5.2.5. Characterization of physicochemical properties 
5.2.5.1. Extraction and analysis of β-carotene 
The β-carotene was extracted from the samples and analyzed according to a method 
previously described (Yuan, Gao, Zhao, & Mao, 2008) with slight modifications. Briefly, an 
organic solvent consisting of 2:3 (v/v) hexane/isopropanol was used to extract the 
carotenoids. The samples were then shaken to intimately mix the solvent and 
nanoemulsion.  The resulting mixtures were then allowed to separate into two phases and 
the organic phase containing the carotenoids was removed. The β-carotene concentration in 




which was blanked using 2:3 (v/v) hexane/isopropanol solution101, 185. The β-carotene 
concentration was then determined from a standard curve that had been prepared with 
solutions of known concentration. 
 
5.2.5.2. Color degradation analysis 
     Periodic analysis of the tristimulus color coordinates of the carotenoid-loaded 
nanoemulsions was performed using a colorimeter (ColorFlex EZ 45/0-LAV, Hunter 
Associates Laboratory Inc., Virginia, USA). The colorimeter was first calibrated with white 
and black standard backplates and then the L* (lightness), a* (redness/greenness) and b* 
(yellowness/blueness) parameters of the samples were measured throughout storage. The 
total difference in the color value (ΔE*) was then calculated: 
 
∆𝐸∗ = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2 .                                        (1) 
 
Here, L*, a* and b* are the differences between the color coordinates measured after a 
certain storage time and the initial values. 
 
5.2.5.3. Particle dimensions and particle surface charges 
The particle size characteristics of the nanoemulsions were measured by laser 
diffraction (Mastersizer 3000, Malvern Instruments, Worcestershire, United Kingdom), 
while the particle charge characteristics (ζ-potential) were measured by 




analysis with double distilled water adjusted to pH 4.0 to obtain a sufficiently strong light 
scattering signal for analysis, while avoiding multiple scattering effects. 
 
5.2.5.4. Storage stability studies 
The stability of each β-carotene loaded layer-by-layer nanoemulsions were studied 





 .                                         (2) 
The stability of each β-carotene loaded layer-by-layer nanoemulsions were also 
studied, but in terms of surface charge (ζ-potential). Similarly, as the particle size 
measurements experiments, a simple equation was used for the sake of comparison from 
day 0 to day 15 on surface charge (ζ-potential). 
 
%𝐶ℎ𝑎𝑟𝑔𝑒𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 = 100X 
𝜁𝑑15− 𝜁𝑑0
𝜁𝑑0
.                       (3) 
The microstructures of the lipid particles and oil bodies in each β-carotene loaded 
layer-by-layer nanoemulsions were observed by confocal fluorescence microscopy. Briefly, 
200 μL samples were dyed by adding 20 μL fat-soluble stain (1 mg/mL Nile Red in ethanol). 
Then, 5 μL samples were placed on a glass microscope slide and covered by a glass cover 







All experiments were performed in triplicate and the means and standard 
deviations were calculated.  
 
5.3 Results and Discussion 
 
Figure 5.1: (A) Mean particle diameter (µm), (B) Surface ζ-potential (mV), and (C) visual 






5.3.1. Formation of β-carotene-loaded primary, secondary and tertiary 
nanoemulsions  
 The droplet charge and size characteristics of the primary, secondary, and tertiary 
nanoemulsions were measured, and their overall appearance was recorded (Fig 5.1). The ζ-
potential of the primary nanoemulsions was strongly negative (-44.2 mV) due to the 
adsorption of anionic quillaja saponin molecules to the oil droplet surfaces during 
homogenization.  As expected, the ζ-potential of the secondary nanoemulsions was positive 
(+26.2 mV) as a result of adsorption of cationic PLL molecules around the anionic saponin-
coated oil droplets.  Finally, the ζ-potential values of the tertiary nanoemulsions were all 
negative (-47.3, -46.4, and -35 mV) because the anionic biopolymers (PGA, KC, or PE) 
adsorbed on top of the cationic PLL layer.    The observed difference in the magnitudes of 
the -potentials on the droplets in the tertiary nanoemulsions can be attributed to 
differences in the electrical characteristics of the anionic biopolymers used to form the 
outer coating.  PGA and pectin have carboxylic acid groups (pKa  3.5) that should be 
partially charged at pH 4.  PGA has a higher linear charge density than pectin, since it has 
carboxylic acid groups attached to every amino acid unit, which would account for the 
higher -potential of the tertiary nanoemulsions formed from PGA.  The -carrageenan has 
one sulfate group (pKa  2) per disaccharide unit and would therefore also be expected to 
have a high net charge at pH 4.       
The mean particle diameter was relatively small (d32 = 0.058 m) in the primary 
nanoemulsions because quillaja saponin is an effective emulsifier and microfluidization is 
an effective homogenization method.  There was an appreciable increase in mean particle 




be due to the increase in interfacial thickness and/or some droplet flocculation.  There was 
a much more substantial increase in the mean particle diameter (d32 = 0.474, 0.551, and 
1.19 m) after PGA, KC or PE were added to the secondary nanoemulsions, which suggests 
that appreciable droplet aggregation occurred in the tertiary systems.  The PE-tertiary 
nanoemulsions appeared to have the greatest degree of droplet aggregation, which may 
have been because they had the lowest surface charge, so there was a weaker electrostatic 
repulsion between them.  Even so, all of the nanoemulsions initially had a uniform yellowish 
appearance, which was attributed to selective light absorption by the β-carotene and light 
scattering by the nanoemulsion droplets.  
 
5.3.2. Impact of storage on nanoemulsion properties: 
5.3.2.1. Color fading 
 The whiteness (L*), redness/greenness (a*) and yellowness/blueness (b*) 
parameters of the primary, secondary, and tertiary nanoemulsions were measured 
throughout storage using a colorimeter. The total color difference (E) of each sample was 
then calculated from these values as described earlier (Fig. 5.2a).   Photographs of the 
samples were also taken before and after storage for 15 days (Fig. 5.2b).  The yellowness 
(positive b* value) of the samples before and after storage was also reported (Fig 5.3c.).  
The initial cloudy yellow appearance of all the nanoemulsions can be attributed to 
light scattering by the oil droplets and selective absorption of light waves by the 
carotenoids and saponins 15, 154, 186.    During there was strong evidence of color fading in all 




high acidity of the samples promoted carotenoid degradation.  However, there were 
differences in the kinetics of -carotene loss depending on the formulation (Fig. 5.2a). 
 
Figure 5.2. (A) Colorimeter results, (B) Appearances of (QS, PLL, PGA, KC, PE) β-Carotene-
loaded layers systems at pH 4.0 “before” and “after” being storage at 55 °C for 15 days. 
 
The optical properties of the samples remained fairly constant for the first few days 
of storage (Fig. 5.2.a), which may have been due to the presence of some natural 
antioxidants that were preferentially oxidized, such as the saponins or proteins.  
Presumably, after this time these antioxidants were expended, and so the -carotene then 
oxidized leading to color fading.  Interestingly, the rate of color fading was less in the 
secondary nanoemulsions that had a cationic outer coating than in the primary and tertiary 





droplets with a positive charge can electrostatically repel transition metal ions (such as Fe2+ 
and Fe3+) from their surfaces, thereby preventing them from coming into close contact with 
the encapsulated carotenoids.  Ferric and ferrous ions are known to be potent pro-oxidants 
that can accelerate the chemical degradation of carotenoids.  The ability of the cationic 
secondary layers to reduce color fading can be seen in the photographs of the samples after 
15 days storage (Fig. 5.2b).  These samples still had a slightly yellow tinge after storage, 
whereas all the other samples were almost white.  In addition, the reduction in yellowness 
of the secondary nanoemulsions throughout storage occurred more slowly than in the other 
nanoemulsions (Fig. 5.2c).  Taken together, these results show that the oil droplets coated 






Figure 5.3. Change in the yellowness (b*) of the primary, secondary, and tertiary 
nanoemulsions during storage.  The nanoemulsions are designated by their outer layers. 
 
5.3.2.2. β-carotene degradation 
The origin of the color fading in the nanoemulsions was attributed to the 
degradation of the -carotene during storage.  To confirm this hypothesis, the decrease in 
the curcumin concentration over time was measured (Fig. 5.4.). These measurements 
clearly showed that there was a reduction in the amount of -carotene in all of the 
nanoemulsions with time, which supports this hypothesis.  Nevertheless, there were 

































Figure 5.4. Change in β-carotene concentration (mcg/mL) in the primary, secondary, and 
tertiary nanoemulsions during storage at 55°C (pH 4). 
 
 As observed in the color fading experiments, there appeared to be a lag period of a 
few days when the -carotene concentration remained relatively constant.  Again, this may 
because there are some antioxidants in the nanoemulsions that inhibited oxidation in the 
early stages but became depleted at later times.  The rate of -carotene degradation was 
considerably less in the cationic secondary nanoemulsions than then anionic primary and 




earlier, this may have been because cationic coatings could repel cationic transition metal 
ions away from the oil droplet surfaces, thereby protecting the encapsulated carotenoids 
from iron-catalyzed degradation.  Previous studies have also shown that oil droplets coated 
with cationic biopolymers have improved resistance to lipid oxidation, e.g., salmon oil 
droplets coated by whey protein under acidic conditions 55, 62, 84, 189. 
 
 
Table #5.1. Mean particle diameter and ζ-potential values of β-carotene-loaded multilayer 
nanoemulsions before and after storage at 55ºC (pH 4) for 15 days.   
Outer 
Layer 




Before After Before After 
QS 0.058 ± 0.003 0.066 ± 0.002 -44.2 ± 0.10 -42.55 ± 0.30 
PLL 0.110 ± 0.004 0.112 ± 0.001 +26.15 ± 0.23 +31.25 ± 0.11 
PGA 0.474 ± 0.002 0.507 ± 0.003 -47.73 ± 0.14 -45.62± 0.30 
KC 0.551 ± 0.001 0.561 ± 0.001 -46.37 ± 0.29 -39.47 ± 0.36 






5.3.2.3. Physical stability of nanoemulsions  
     For commercial applications, it is important that nanoemulsion-based delivery 
systems remain physically stable throughout storage.  For this reason, we also measured the 
change in the size and charge of the particles in the different nanoemulsions over time 
(Table 5.1).  For all the nanoemulsions, there was a small increase in the mean particle 
diameter after storage, but this increase was relatively modest (< 15%).  This suggested that 
all the nanoemulsions were relatively stable to aggregation during storage, even when held 
at an elevated storage temperature.   This effect can probably be attributed to the strong 
steric and electrostatic repulsive forces associated with the biopolymer coatings, which 
prevented them from coming close together.  There was also little change in the electrical 
characteristics of the droplets during storage.  All the droplets in the primary and tertiary 
nanoemulsions remained strongly negative, while those in the secondary nanoemulsions 
remained strongly positive.  There was, however, a modest increase in the magnitude of the 
positive charge in the secondary nanoemulsions after storage, which may have been due to 
slow adsorption of any PLL molecules remaining in the aqueous phase or to rearrangement 
of the adsorbed PLL molecules at the droplet surfaces over time. 
 
Changes in the microstructure of the different nanoemulsions after storage were obtained 
using confocal fluorescence microscopy (Figure 5.5). Before storage, all of the 
nanoemulsions contained small oil droplets (stained red) that were dispersed throughout 
the water phase (black).  After storage, there was evidence of droplet aggregation in some of 
the nanoemulsions, with an increase in the dimensions of the lipid-rich domains.  In the 
primary nanoemulsions, there were a few large irregular-shaped lipid-rich particles present 




been observed in the light scattering measurements because they dissociated after dilution 
and stirring, which was part of the sample preparation procedure for the laser diffraction 
measurements.  Similarly, there appeared to be numerous flocs in the tertiary emulsions 
with an outer PGA coating after storage, again suggesting that some droplet aggregation had 
occurred.  Once possible explanation of this phenomenon in bridging flocculation, i.e., part 
of the PGA molecules became partially detached from one oil droplet and then attached to 
another oil droplet, thereby linking them together.  Again, these may have been weak flocs 
that were dissociated when the samples were diluted for analysis in the light scattering 



















Figure 5.5 Confocal microscopy images impressions of β-carotene-loaded primary, 
secondary, and tertiary nanoemulsions before and after storage at 55°C for 15 days. 
 
5.4. Conclusion 
     These studies showed that the resistance of β-carotene to degradation in multilayer 




the droplets.  In particular, when the outer layer was negatively charged, the rate of 
carotenoid degradation was appreciable faster than when it was positively charged.  This 
effect was mainly attributed to the electrostatic repulsion of cationic transition metal ions 
away from the droplet surfaces by cationic biopolymers.  However, there may be other 
problems associated with creating cationic oil droplets for application in some foods.  For 
instance, cationic oil droplets may interact with other anionic ingredients in foods, thereby 
causing precipitation.  Alternatively, cationic oil droplets may interact with anionic mucin 
molecules in the human mouth, which could lead to an undesirable mouthfeel, such as 
astringency.  Consequently, further research is required to determine how these different 







6. CONCLUSION AND FUTURE STUDIES 
This study has shown that multilayer nanoemulsions can be used to encapsulate 
lipophilic bioactive ingredients.  The stability and physiochemical properties of these 
nanoemulsions depended on the nature of the emulsifiers and biopolymers used to create 
the multilayer coatings. Consequently, they must be carefully designed for specific food 
applications, depending on solution and environmental conditions. For instance, it was 
found that under highly acidic conditions (pH 2.0), nanoemulsions with an outer saponin 
layer need to be protected from flocculation by coating them with one or two biopolymer 
layers.  It was also found that when the surrounding solution had a high ionic strength, the 
out PLL layer in secondary nanoemulsions tends to detach from the droplets because of 
weakening of the electrostatic attractive forces. This phenomenon could be used for 
creating triggered or controlled release systems for encapsulated agents in the human body. 
Lastly, multilayer nanoemulsions were shown to have good resistance to heating (90ºC, 30 
min), which may be useful for applications where food or beverage products experience 
high temperatures. 
    Based on the current findings, a number of future studies can be proposed to further 
develop these multilayer nanoemulsions: 
• The addition of natural antioxidants to improve the stability of encapsulated 
bioactive agents would be useful.  In particular, identifying the location and mode of 
action of these antioxidants would be important.  
• An improved understanding of the gastrointestinal fate of multilayer nanoemulsions 
would also be beneficial.  This could be achieved by passing them through a 




the multilayer coatings on the rate of lipid digestion and the release of encapsulated 
components would be useful. 
• An improved understanding of the behavior of multilayer nanoemulsions in real 
food products would also be useful.  For instance, it would be interesting to 
determine the multilayer coatings remain intact or become detached from the 
droplet surfaces, as well as the implications of this phenomenon on the stability and 






















S1. Turbidity UV-Vis (550nm) measurements of two selected samples; (0.235%wt PGA) 

















S2. Visual Appearances of: (A) Electrostatic repulsions screenings influence by different 
Ionic Strength (monovalent salts (NaCl)) concentrations. (B) After two attractive 
polyelectrolytes are mixed together, the dense liquid phase formed, which is relatively 





























S3. Original “Model vs Measured” ζ-potential (mV) of cationic Poly-L-lysine (PLL) second 





















































S6. Original “Model vs Measured” ζ-potential (mV) of anionic Pectin (PE) tertiary layer, 
electrostatic deposition onto secondary cationic Poly-L-lysine (PLL)-Quillaja saponin (QS) 






























































S8. Particle Surface Charges (ζ-potential) comparison between Day0 to Day15 of β-Carotene 
primary, secondary and tertiary nanoemulsions.  Primary (QS) and tertiary layers (PGA, KC, 
PE) shown a strong anionic electrostatic behavior, while (PLL) secondary layer was the 
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